
AFRL-SR-BL-TR-98- 

SYNTHESIS OF 
3-(((P-NITROPHENYL)SULFONYL) 

OXY)2-KETO ESTERS FROM 
ALPHA-KETO ESTERS AND A 

SURVEY OF THEIR REACTIONS AS 
1,2,3-TRIFUNCTIONALIZED 

INTERMEDIATES 

JOHNSON, MARY C. 

UMI 
1996 
Dissertation 
Information Service 

A 



REPORT DOCUMENTATION PAGE 
t AFRL-SR-BL-TR-98- 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the tirr 
and maintaining the data needed, and completing and reviewing the collection of information. Send comments re 
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for infr 
1204, Arlington, VA 22202-4302, and to the Office of management and Budget. Paperwork Reduction Project (0704-0' 

1. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE 

July 1996 
3. REPORT TYPfc t\i\u un, 

Final 

G3T\ 
4. TITLE AND SUBTITLE 

Synthesis of 3-[[p-Nitrophenyl)Sulfonyl]Oxy]2-keto Esters From a-Keto Esters 
and a Survey of their Reactions as 1,2,3-Trifunctionalized Intermediates 
6. AUTHORS 

Mary Catherine Johnson 

5. FUNDING NUMBERS 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

New Mexico State University 
8. PERFORMING ORGANIZATION 

REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

AFOSR/NI 
110 Duncan Avenue, Room B-115 
Boiling Air Force Base, DC 20332-8080 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION AVAILABILITY STATEMENT 

Approved for Public Release 
12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

See attached. 

14. SUBJECT TERMS 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

UL 

$0ALmjSBK-^D,;\ 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Sid, 239.18 
Designed using WordPerfect 6 1, AFOSR/XPP. Oct 96 



This is an authorized facsimile, made from the microfilm 
master copy of the original dissertation or master thesis 
published by UMI. 

The bibliographic information for this thesis is contained 
in UMFs Dissertation Abstracts database, the only 
central source for accessing almost every doctoral 
dissertation accepted in North America since 1861. 

T JA TT Dissertation 
UlVLl Services 

A Bell & Howell Company 

300 N. Zeeb Road, Ann Arbor, Michigan 48106 
1-800-521-0600 313-761-4700 

Printed in 1996 by xerographic process 
on acid-free paper 

DPPT 

[XjnC QUALITY IHSPBÖTED 3 



SYNTHESIS OF 3-[[(p-NITROPHENYL)SULFONYL]OXY] 2-KETO ESTERS 

FROM oc-KETO ESTERS AND A SURVEY OF THEIR REACTONS AS 

1.2,3-TRIFUNCTIONALIZED INTERMEDIATES 

BY 

MARY CATHERINE JOHNSON. B.S. 

A Dissertation submitted to the Graduate School 

in partial fulfillment of the requirements 

for the Degree 

Doctor of Philosophy 

Major Subject: Chemistry 

New Mexico State University 

Las Cruces, New Mexico 

July 1996 



UMX Number:   9635002 

UM Microform 9635002 
Copyright 1996, by UMI Company. AU rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer primer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send TJME a complete 

manuscript and there are missing pages, these wOl be noted. Also, if 

unauthorized copyright material had to be removed, a note wiD indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographicalry in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howcll Infbmmion Company 

300 North Zeeb Road. Ann Atbor MI 48106-1346 USA 
313/761-4700    S00/521-0600 



"Synthesis of 3-[[(p-Nitrophenyl)Sulfonyl]Oxy] 2-Keto Esters from a-Keto 

Esters and a Survey of their Reactions as 1,2,3-Trifunctionalized 

Intermediates," a dissertation prepared by Mary Catherine Johnson in partial 

fulfillment of the requirements for the degree. Doctor of Philosophy, has been 

approved and accepted by the following: 

Timothy J. Pettibone 
Dean of the Graduate School 

"Sjfo^ft iL  

Robert V. Hoffman 
Chair of the Examining Committee 

S-30-7fe 

Date 

Committee in charge: 

Dr. Robert V. Hoffman, Chair 

Dr. Jeffrey B. Arterbum 

Dr. Aravamudan Gopalan 

Dr. Frank S. Guziec Jr. 

Dr. Mary A. Staffeldt 



This work is dedicated to my parents, Harry and Marilyn Johnson, my brother 

Michael Johnson, and my friends for the love and encouragement they have 
given me. 



ACKNOWLEDGMENTS 

I would like to thank my advisor, Robert Hoffman, for his help, 

guidance, and financial support. I would like to thank my committee members 

for their critical reading of the dissertation. For helpful discussions and 

encouragement, I would like to thank Dr. Arnadhu Gopalan. For teaching me 

laboratory survival skills, I would like to thank my laboratory coworkers: Dr. 

James Salvador, Mr. Douglas Huizenga, Dr. Hwa-Ok Kim, Dr. Naresh Nayyar, 

and Dr. Tamas Patonay. I would like to thank Dr. Robert McKinney, my 

mentor, in the Air Force Graduate Fellowship Program for his help and 

guidance. I would like to thank Mr. Monte Mauldin for his endless help, 

advice and patience with the NMRs. I would also like to thank Mrs. Irene 

Seibert for her help in making sure I was paid. I would like to thank Mrs. Sue 

McBrayer, Ms. Laurete Francescato, and Mrs. Nancy Joy for their support and 

encouragement. My sincerest thanks go to my parents and brother for their 

continual encouragement and wisdom. I would like to thank the Air Force 

Graduate Fellowship Program, National Science Foundation, and New 

Mexico State University Department of Chemistry for their financial support. 

IV 



VITA 

June 19,1967-Born at Las Cruces, New Mexico 

1985-Graduated from Las Cruces High School, Las Cruces. New Mexico 

1985-1990--B.S-, New Mexico State University at Las Cruces, New Mexico 

1990-1991-Teaching Assistant, Department of Chemistry and Biochemistry, 

New Mexico State University 

1991-1994-Air Force Laboratory Graduate Fellow 

1994-1995-Research Assistant, Department of Chemistry and Biochemistry. 

New Mexico State University 

PROFESSIONAL AND HONORARY SOCIETIES 

American Chemical Society 

Phi Kappa Phi 

PUBLICATIONS 

Hoffman, R. V.; Johnson. M. C. "Efficient Synthesis and Reactions of 1.2,3- 

Trifunctionalized Molecules from a-Keto Esters'; Presented at 208th National 

Meeting of the American Chemical Society in Washington, D.C., August 1994; 

poster MEDI 256. 

Hoffman, R. V.; Johnson. M. C. "A/,0-Bis(trimethylsilyl)hydroxylamine." 

Manuscript submitted to Encyclopedia of Reagents for Organic Synthesis; 

John Wiley & Sons: New York. 1995. 

FIELD OF STUDY 

Major Field: Chemistry 

Organic Chemistry 



ABSTRACT 

SYNTHESIS OF 3-[[(p-NITROPHENYL)SULFONYL]OXY] 2-KETO ESTERS 

FROM cc-KETO ESTERS AND A SURVEY OF THEIR REACTONS AS 

1,2,3-TRIFUNCTIONALIZED INTERMEDIATES 

BY 

MARY CATHERINE JOHNSON, B.S. 

Doctor of Philosophy in Chemistry 

New Mexico State University 

Las Cruces, New Mexico, 1996 

Dr. Robert V. Hoffman, Chair 

3-[[(p-Nitrophenyl)sulfonyl]oxy] 2-keto esters, 15. were efficiently 

prepared in good yields by electrophilic attack of 6/s(p-nitrobenzenesulfonyl)- 

peroxide (p-NBSP) on the electron-rich carbon-carbon double bond of 1- 

carboethoxy-1-(trimethylsi!oxy)-alkenes, 11. Silyl enol ethers 11 were 

prepared from a-keto esters in good to excellent yields by two methods that 

differed by the base used to remove the proton. 

Carbonyl reactions and substitution reactions of 15 were investigated. 

The carbonyl of 15 was found be very electrophilic, as demonstrated by the 

facile reaction of 15 with water to provide gem-diols 16. The mild reducing 

VI 



agent, sodium triacetoxyborohydride easily reduced 15 to give syrr-3-[[(p- 

nitrophenyl)sulfonyl]oxy] 2-hydroxy esters. 18 in good yields. The Felkin-Anh 

model was used to rationalize the stereoselectivity of the reduction reaction. 

Base-promoted, stereoselective ring closure of 18 provided c/s-glycidic esters, 

cis-22, in good yields. 

Reactions of 15 with nucleophilic amines gave base-promoted 

decomposition. Due to the high reactivity of 15, the scope of the survey of 

reactions was limited to the reactions of 15b. Nucleophiles with a low pKt, 

such as morpholine and azide ion, replaced the nosylate group of 15b to 

afford ethyl 3-morpholino-2-oxo-4-phenyl butanoate, 24, and ethyl 3-azido-2- 

oxo-4-phenylbutanoate, 30b, in good yields. Two sequences: reduction- 

protection-substitution, RPS. and substitution-reduction-protection, SRP, of 

30b were evaluated. Both sequences provided ethyl 3-azido-2-carboethoxy- 

4-phenylbutanoate, 34b. While more diastereoselective, the RPS sequence 

gave only modest yields of antf-34b, due to competing elimination reactions. 

Better yields were obtained for the SRP sequence. 

Condensation reactions of 15b with acetamide and methyl carbamate 

provided an efficient route to oxazoles 42 and oxazolones 40. The 

mechanism of the oxazole reaction was investigated to confirm the structural 

assignment of 42. Intermediate, 2-methyl-2-hydroxy-4-carboethoxy-5-benzyl- 

3-oxazoline, 46, was isolated. The structure of 42 was further substantiated 

by the acid-catalyzed oxazole ring-cleavage of 42 to provide ethyl 2- 

acetamido-3-oxo-4-phenylbutanoate, 53. 
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1. INTRODUCTION 

The development of methodology for the synthesis of 1,2,3- 

trifunctionalized compounds has received a great deal of attention recently. 

1,2,3-Trifunctionalized compounds are of interest because the 1,2,3- 

trifunctional array is a structural component found in many biologically active 

natural products. For many of these natural products, it is the 1,2,3- 

trifunctionalized component that provides the biological activity of the 

compound. A 1,2.3-trifunctionalized fragment is characterized as having 

three adjacent, functionalized carbons on a carbon chain (Figure 1). The 

three carbons can be at the same or different oxidation levels, but each 

carbon is attached to a hetero atom containing functional group, E, Y. or Z. 

*(a,E 

m I it) Y 

Figure 1. 1,2,3-Trifunctionalized Fragment 

Three oxidation levels are possible for each of the three carbons. For 

example, if the hetero atom is an oxygen, then the three different oxidation 

levels possible at that carbon are carboxylic acid, ketone. or alcohol. 

Likewise, each of the other carbons of the 1,2.3-trifunctionalized array could 

be part of different functional groups or the same functional groups depending 

on the hetero atom and the oxidation level at that carbon. 



As can be imagined, there are a wide variety of compounds that fit 

these definitions, so to make the discussion manageable, some structural 

conditions will be assumed. First, the d will be limited to carboxylic acid 

derivatives, since many biologically important 1,2,3-trifunctionalized fragments 

are carboxylic acid derivatives. Since the 1,2,3-trifunctional array is usually 

found at the end of a carbon chain, IUPAC rules dictate that 1,2,3- 

trifunctionalized molecules be named as 2,3-disubstituted acid derivatives. 

However, it is customary to use the Greek letters a and ß to denote the 

position 1 and 2 from the terminal functional group. This custom will be 

followed here since most people clearly recognize an cc-amino acid as a 2- 

amino acid and a ß-keto ester as a 3-oxoester. 

As a second simplification, the functional groups Y and Z will be either 

the ketone or alcohol oxidation levels. Within these specifications, there are 

three common combinations of oxidation levels for a,ß-disubstituted 

carboxylic acid derivatives (Figure 2). For oxidation level I, both Y and Z exist 

in the ketone oxidation state, and this combination has the highest overall 

oxidation level. The next highest oxidation level, oxidation level II, is that in 

which either Y or Z exists in the ketone oxidation state and the other group is 

found in the lower, alcohol oxidation state. In the lowest combined oxidation 

level, oxidation level III, both Y and Z exist at the alcohol oxidation state. 

Theoretically, a higher combined oxidation level can be accessed from a 

lower combined oxidation level by oxidation, and a lower combined oxidation 

level may be reached from a higher combined oxidation level by a reduction. 

A third structural consideration of ocß-disubstituted carboxylic acid 

derivatives is the nature of the functional groups Y and Z. The most common 



z    o 
Oxidation 
Level I 

oxidation 4 
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?      Q Z      0 Z      O 

j Ji Level II 
Hl^rSx   and R-W^x   Oxidation 

I II Level   II 

I oxidation^ 
reduction 

Z      O 

*X R4f^> Oxidation 
Level III 

Figure 2. Different Oxidation Levels for ccß-Disubstituted Carboxylic Acid 
Derivatives 

and dominant functional groups in organic chemistry contain oxygen and 

nitrogen,1 so Y and Z will be further limited to functional groups containing 

oxygen and nitrogen. With these limitations on the Ci group (carboxylic acid 

group) and the nature of Y and Z (oxygen and nitrogen), there are eleven 

common structural types of a,ß-disubstituted carboxylic acid derivatives at the 

three basic oxidation levels (Figure 3). 
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Figure 3. Common Structural Types of ccß-Disubstituted Carboxylic Acid 
Derivatives 

For oxidation level I. there is essentially only one known structural type 

and that is the ocß-diketo ester or ccß-diketo amide (also called a 1,2.3- 

tricarbonyl compound). For this structure, both of the hetero atoms Y and Z 

are oxygens. The second oxidation level, oxidation level II, has two isomeric 



structures possible with the ketone oxidation state at the a-carbon in structure 

Ha and at the ß-carbon in structure lib. Consequently, structure Ha type 

describes ß-amino-a-keto esters and ß-hydroxy-cc-ketoesters, and structure 

lib consists of ß-oxo-cc-amino esters and ß-oxo-a-hydroxy esters. The lowest 

combined oxidation level, oxidation level III, consists of two basic structures. 

Structure Ilia consists of the small ring compounds the ccß-aziridinyl esters 

and the ccß-glycidic esters where Y and Z bridge C2 and C3 and are the same 

atom. The last structure, structure lllb is the largest category, and it consists 

of the four different combinations of oxygen and nitrogen at the a and ß 

positions. These structures are the ct,ß-diamino ester, ccß-dihydroxy ester, ß- 

amino-a-hydroxy ester, ß-hydroxy-a-amino ester. Clearly, there are many 

classes of compounds that fit the general definition of a 1,2.3-trifunctionalized 

compound that are not represented here, but the structures shown (Figure 3) 

are ones that are commonly found in nature and in many biologically 

interesting compounds. 

The need for novel procedures to access 1,2,3-trifunctionalized 

compounds is underscored by their occurrence in a wide variety of important 

drugs and natural products. One example of a biologically active tricarbonyl 

compound (Oxidation level I, Rgure 3) is FK-506,1-1.2 FK-506 is a potent 

immuno-suppressant, and it has superior potency to cyclosporin A,3-4 a drug 

currently used to inhibit the responses to allograft transplantation. FK-506 is 

a 23-membered macrolide lactone, and the 1,2,3-trifunctionalized fragment it 

contains is a hemiketal-masked a,ß-diketo amide functionality (a 1,2.3- 

tricarbonyl amide). The ocß.y-tricarbonyl system is a potent electrophile, and 

has been found essential for the biological activity of FK-506.5 Other 



biologically interesting compounds containing the 1,2.3-tricarbony! functional 

array include the antifungal antibiotic rapamycinS-7 and the structurally similar 

antibiotic demethoxyrapamycin.8 

H  OMe 

1-1 
FK-506 

As an example of a biologically active compound with the mixed 

combined oxidation state (Oxidation level II, Structure Type Ha, Figure 3), 

cyclotheonamide B, 1-2, was recently isolated as a secondary metabolite from 

marine sponges, and it was found to be a potent and selective inhibitor of the 

serine protease thrombin.9 The unique ß-amino-cc-keto amide fragment as 

well as an ccß-diamino amide fragment (Oxidation level III, Structure Type 

lllb, Figure 3) are found in the cyclopentapeptide structure. Although there 

are not many natural products found with this functional grouping, there has 



been a recent surge of interest for the synthesis of the ß-amino-a-keto 

ester10-11 and amide12 component(s) for use as inhibitors of cysteine, serine, 

NH 
1-2 

cyclotheonamide B 

and aspartyl proteinases. The peptide mimetic, 1-3, was recently synthesized 

and found to be a potent trypsin inhibitor. It contains a ß-amino-a-keto ester, 

masked as the hydrated gem diol form." 



There are a greater number of naturally occurring compounds which 

have the hydroxyl and amine functions at C2 and/or C3 (Oxidation level III, 

Structure lllb, Figure 3). The most common examples are the ß-hydroxy-a- 

amino acids serine and threonine. Another compound, which contains a ß- 

hydroxy-a-amino acid unit and has captured the nation's attention, is taxol. 

O 

.A. PrT     NH    O 

Ph' 1'^V^o» 
OH 

AcO 

M 
taxol 

Taxol, 1-4, is a diterpene of the taxane group that has been isolated from 

several species of the Taxus genus, and it has been found to exhibits potent 

antileukemic and antitumor inhibitory properties.1* The ß-amino-a- 

hydroxyamide unit is found on the C13 side chain of taxol and is required for 

antitumor activity.15-16 Other biological examples in this group are the 

antibiotics azinothricin, I-5,17 and telomycin18 which both contain an unusual 

eryrhro-ß-hydroxy!eucine moiety. 

In the previous biologically significant examples, a wide variety of 

molecular structures and 1,2,3-trifunctionalized arrays can be seen. For 

many of the 1,2,3-trifunctionalized compounds, such as FK-5065 and taxol,15 



1-5 
azinothricin 

the 1,2,3-trifunctionalized fragment is often found to be essential to the 

biological activity of compound. Therefore, 1,2,3-trifunctionalized component 

is considered to be part of the pharmacophore.19 Since the different types of 

interactions that each of the biologically active 1,2,3-trifunctionalized 

containing compounds has with each specific receptor will be unique, it would 

be difficult to make a generalized statement as to the structure reactivity 

relationship of the 1,2,3-trifunctionalized moiety to a receptor. 

However the 1,2,3-trifunctionalized fragment interacts with the 

receptor, these interactions will be governed by the same secondary bonding 

forces that influence all interacting organic molecules. Some of these 

secondary bonding forces are covalent bonding, ionic interactions, ion-dipole 

and dipole-dipole interactions, hydrogen bonding, hydrophobic interactions 



and van der Waals interactions.19 The increased number of hetero atom 

containing functional groups in a small area, as is the case for 1,2,3- 

trifunctionalized molecules, must provide more opportunities for these type of 

interactions to occur, and consequently, the 1,2,3-trifunctionalized component 

is integral for the bioactivity. For these reasons, great interest in the synthesis 

of 1.2,3-trifunctionalized compounds has been fostered, and many different 

approaches to specific 1,2,3-trifunctionalized arrays have been developed. 

However, no versatile synthetic method has been developed for all the 

functional group arrays. 

10 



2. SYNTHETIC APPROACHES TO 1,2,3-TRIFUNCTIONALIZED 

COMPOUNDS 

Many factors contribute to the molecular complexity20 of each of the 

unique 1,2,3-trifunctionalized arrays. In general, the high functional group 

density and the high chemical reactivity of the densely functionalized fragment 

coupled with stereochemistry requirements lead to the main sources of the 

molecular complexity of 1,2,3-trifunctionalized molecules. In such 

compounds, there are three potential sites of reactivity, and these sites of 

reactivity are further influenced by the adjacent functional groups. 

Transformations of adjacent functional groups, may by their proximity, cause 

subsequent, intramolecular reactions. Oftentimes, reliable standard reactions 

and reagents for functional group transformations may fail in the 

polyfunctional environment,20 and it is difficult to predict when this unusual 

reactivity may occur. Therefore, optimum conditions for the preparation of 

1,2,3-trifunctionalized compounds take considerable time and effort to 

discover, and the order of the steps in a multi-step, synthetic sequence has to 

be carefully planned so subsequent steps don't interfere with existing 

functionality. 

For example, electrophilic sites by their proximity to other electron 

withdrawing groups, are made more electrophilic. In tricarbonyl compounds 

(Oxidation level I, Figure 3), the tricarbonyl array can act as a di- or tri- 

electrophile in a single reaction. This multifunctionality has been masterfully 

used by Wassermann for the preparation of isoquinoline alkaloids.21   In 

compounds in the two lower combined oxidation states (Structure II and 

11 



Structure III, Figure 3), the oxygen and the nitrogen can act as nucleophiles, 

and the carbonyl groups can act as electrophiles. The combination of a 

nucleophilic and an electrophilic site in one molecule tends to cause self- 

condensation or oligomerization. 

The complexity posed by the high functional group content of 

multifunctional 1,2,3-trifunctionalized compounds is the biggest obstacle in the 

synthesis of these compounds, and many methods for the preparation of 

these compounds only address this problem. However, the chirality of the 

1,2,3-trifunctionalized component can also pose problems. Only carbons at 

the lowest oxidation state (alcohol level) will have potential chirality 

considerations, so no chirality restrictions for 1,2,3-tricarbonyl arrays 

(Oxidation level I, Figure 3) exist. For structures at the middle combined 

oxidation state (Structure lla and Structure lib, Figure 3), only the chirality of 

one C2 or C3 must be considered. Compounds with the lowest combination of 

oxidation levels (Structure Ilia and Structure lllb. Figure 3), have two chiral 

centers, and consequently, the complexity of the synthesis is significantly 

increased. In all cases, additional chirality in the rest of the molecule can 

contribute to the molecular complexity, so chirality must be selectively 

installed with proper timing so that epimerization of existing chiral centers of 

the 1,2,3-trifunctional array and other chiral centers in the rest of the molecuie 

can be avoided. 

There are several different approaches (Figure 4) to the construction of 

the molecular skeleton of the 1,2,3-trifunctionalized component, and a few of 

these will be described. The first strategy, Strategy A (Figure 4), constructs 

the molecular backbone by the addition of functional group E to the Y-Z 

12 



fragment, so the bond formed is between the Ci and C2 of the 1,2,3- 

trifunctional array. A similar idea is shown in Strategy B (Figure 4) where the 

bond formed is between the C2 and C3 by the addition of functional group Z to 

the Y-E fragment. Strategy C (Figure 4) consists of stereoselective, 

difunctional group addition at C2 and C3, and Strategy D (Figure 4) involves 

the oxidative alkylation of the a-carbon. Although not shown, a similar 

^ 
k 

Z      E 

Strategy A 

ll 
Strategy B 

H       E H<A-k 
H 

Strategy C 

Z      E 
oxidation 

Z      E 
2. 

Strategy D 

Z      E Z      E 
^NAX}\     oxidation^       ^vp^ Strategy E 

Rgure 4. Different Synthetic Strategies to a,ß-Disubstituted 
Carboxylic Acid Derivatives 
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approach includes the oxidative alkylation at the ß-carbon of an a-keto 

carboxylic acid derivative. Strategy E (Figure 4) is the simplest of these 

synthetic strategies and consists of functional group transformation of existing 

functional groups by oxidation and reduction techniques. Those 

transformations that form carbon-carbon bonds as in Strategy A and B are 

usually considered as being more significant than functional group 

transformations.20 Also important are those reactions that generate 

stereocenters as in Strategy C and those that provide new functional groups. 

Strategy D. 

Even though the high functional group density and consequently high 

chemical reactivity are major factors complicating the preparations of 1,2,3- 

trifunctionalized compounds, the synthesis of these compounds share the 

same goals of efficiency and chemoselectivity as any other chemical strategy. 

Ideally, there should be minimal functional group interferences in subsequent 

reaction steps, and the overall synthesis should require the fewest number of 

steps possible. With the strategies and goals enumerated, it is instructive to 

examine some examples of the preparation of 1,2,3-trifunctionalized arrays in 

which these strategies have been reduced to practice. The discussion will be 

loosely grouped around the three different combined oxidation states, and 

while many different strategies have been utilized, only some of the more 

representative examples will be discussed. 

The tricarbonyl array can be constructed in a two step reaction 

sequence by the reaction of an acylphosphoranylidene, I-6, with acyl 

chlorides (Equation 1) in the presence of b/s(trimethylsilyl)acetamide to form a 

keto ylide carboxylate, 1-7. Oxidative cleavage of 1-7 by potassium 
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peroxymonosulfate (Oxone) provides the 1,2,3-tricarbonyl compound.4-22.23 

This general approach represents a carbon-carbon bond forming process 

(Strategy B, Figure 4). 

?,Ph3 9      O 0      0 

o o /JPh3 « 
1-6 |-7 

Equation 1 

The tricarbonyl array can also be synthesized (Equation 2) by the reaction of 

ß-keto esters with the dimethylformamide dimethylacetal to provide an 

intermediate enamine followed by photooxidative cleavage of the intermediate 

enamine.24 Again, this is a general synthesis of target molecules that have 

no stereocenters (Strategy D, Figure 4). 

^J^OR (Me0>aCHNM\    XJi^^, ÄfK 
CHNMe2 

Equation 2 

Another malonic ester type synthesis used for the synthesis of FK-506 

(Equation 3) incorporates the appropriate chirality of the backbone before 

installation of the ccß-diketo amide (Strategy D. Rgure 4). In the first step, the 

enolate of a malonic ester, 1-9, was acylated by addition of acyl chloride. 1-8 to 

give MO.5 Hydrogenation of 1-10 removed the benzyl protecting groups and 
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concomitant decarboxylation of the ß-keto acid group ensued. Diazotization 

provided the methyl ester, M1, and finally the central ketone was installed by 

oxidation with selenium dioxide of the a-carbon. 

H«'T     ^° 
OMe 

1-8 

BnO 

H    OMe 

op-j-^y qo--/~~-~^ 

Equation 3 

A particularly interesting synthesis of FK-506 (Equation 4) utilizes an 

asymmetric oxazolidinone aldol approach.3 in this preparation, a protected a- 

hydroxy imide, M2. is added to an aldehyde to provide the a,ß-dihydroxy 
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ester, 1-13 (Strategy B. Figure 4). Deprotection and oxidation provided the 

tricarbonyl unit. Since the two generated chiral centers are lost by oxidation, 

this example could be considered a case of overengineering. The mild 

conditions of the boron aldol methodology were more suitable for the base 

and acid sensitive multifunctional backbone of the precursor. Although this 

provided a direct route to 1-13, the order of the deprotection and oxidation 

steps as well as the nature of the protecting groups caused the preparation of 

the ccß-diketo amide to be circuitous. Only after many attempts at different 

protection/deprotection schemes and oxidation of the <x,ß-dihydroxy ester by 

b/s-oxidation utilizing the Swem method was the ccß-diketo amide obtained. 

O 00JJ OH   00 00 

OP   \-J 
Bn' 

OP 
8n 

1-12 1-13 

Equation 4 

Another procedure for the preparation of the tricarbonyl amide of FK- 

506 utilizes the addition of a lithiodithiane, 1-14, to an a-carbomethoxy amide, 

1-15, to give a ß-dithionyl-a-keto amide. 1-16 (Equation 5).2S-26  Deprotection 

of the OTBS group, cleavage of the dithiane by reaction with NBS. N- 

bromosuccinimide, followed by intramolecular cyclization provides the 

tricarbonyl compound. This procedure installs the 1,2.3-trifunctionalized 

component late in the sequence with no epimerization of any of the 

stereocenters (Strategy B, Figure 4). 
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CX 
hf Me" Me OMe 

1-14 1-15 

Equation S 

OTBDMS 
h 

1. HF/CH3CN 
2. NBS/aq. acetone 

=  H 
H Me Me 

As can be seen by the examples, several different strategies can be 

used for the preparation of tricarbonyl compounds (Strategy B and D, Figure 

4). In all cases, however, late installation of the tricarbonyl group is 

necessary due to the inherently high reactivity of this group. The center 

carbonyl group is the most electrophilic due to the activation by two adjacent 

carbonyl groups.21-s7-28 Very few transformations of this higher oxidation 

state to either of the lower combined 1,2.3-trifunctionalized arrays have been 
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reported. In one instance (Equation 6), selective reduction of the center 

carbonyl is achieved by chloride substitution of the hydroxyl group in the 

hemiacetal, 1-18. using thionyl chloride. Reduction of the chloride with zinc 

affords the a-hydroxy-malonate, 1-19 (Strategy E, Figure 4).29 The 1,2,3- 

tricarbonyl compound is synthesized by the reaction of an alcohol, 1-17, with 

dimethyloxomalonate. 

C02Me 

^-OMe 

0 Vo 
Ph-V°      MeO 

H 

1-18 

SOCI2, py, THF 

C02Me 

V»*     Zn, HOAc fS     V0Me 
6 O' 

Ph-V°      MeO Ph-V0"      MeO 
H H 

1-19 

Equation 6 

ß-Amino-a-keto esters and (J-hydroxy-a-keto esters are a second 

group of structures of recent interest (Structure lla, Figure 3). One 

asymmetric synthesis of ß-amino-a-keto esters (Strategy A, Figure 4) utilizes 
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the chirality of a-amino acids. The a-amino acids are transformed into the N- 

methy!-A/-methoxy carboxamides, 1-20, and 1-20 is converted into an a-keto 

vinyl ether functionality by treatment with lithiated ethyl vinyl ether to afford 

the ethoxyvinyl ketones, h21 (Equation 7).1°-" Ozonolysis of 1-21 provides 

the desired ß-amino-a-keto ester. While the chirality of the C3 of I-20 is 

determined by the choice of the a-amino acid, the versatility of the synthesis 

is also limited by the availability of the a-amino acid. Oxidation of ß-amino-a- 

hydroxyesters by Swern or Dess-Martin oxidation provides an alternative 

route to ß-amino-a-ketoesters (Strategy E, Figure 4).*2-30 

Bn 
*N >A OH 

R' 

MeONHMe-HCI 
 1 

ABuOCOCI 
A/-methylmorpholine 

R      O 

R'     Me 

I-20 

r 
Bn 

H U 

'N^A^OEt 
R'      O 

O3 
Bn 

R 
i 

f-Buli 
MgBra/THF 

OEt 

R 

1-21 
Equation 7 

The ß-hydroxy-a-ketoester structure can be prepared by the addition of 

l,2-diethoxy-l,2-disilyloxyethylene. 1-22. with ketones in the presence of 
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Lewis acids to give 1-23 (Equation 8);» Hydrolysis of 1-23 provides the ß- 

hydroxy-a-keto ester. The requisite 1-22 is prepared from diethyl oxalate by 

treatment with sodium/potassium and trimethylsilyl chloride. This general 

synthesis reverses the polarity of the normally electrophilic diethyl oxalate 

(Strategy B, Figure 4). As can be seen from examination of the literature, 

there are not many methods reported for the synthesis of either ß-hydroxy-a- 

ketoesters or ß-amino-a-ketoesters due to the difficulty in synthesizing 

molecules with both an active electrophilic and nucleophilic site. 

on, .-.THO       O TMSO   OB O 
EC OTMS        °   i=£^R8>XCOEt^«!vl. 

TMSO OEt       Ri    R2 R.-T     C°2Et R,-!       COzEt 

OTMS OH 

1-22 1-23 

Equation 8 

In contrast to ß-substituted-a-keto esters (Structure lla. Figure 3), there 

are a number of routes to ß-keto-a-amino esters (Structure lib, Figure 3). 

Although the procedure does not provide any stereochemical control, this 

structure is readily prepared (Strategy B, Figure 4) by the condensation of 

lithium enolates of /V-protected glycines, 1-24, with acyl chlorides to afford the 

ß-oxo-a-amino esters (Equation 9)32.33 Treatment of the same enolate, 1-24, 

with an aldehyde affords ß-hydroxy-a-amino esters (Structure lllb, Figure 3), 

although the diastereoselectivity is only moderate. Reduction of the ß-oxo-a- 

amino ester also provides the ß-hydroxy-a-amino esters (Strategy E. Figure 

4). Interestingly, the two-step acylation and reduction provides better 
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stereoselectivity for the preparation of ß-hydroxy-oc-amino esters than the one- 

step aldol reaction does. An another older method for the preparation of 

O     O 

o ou    2    ^ 

NB22 NBz2 
NaBH4 

1-24 0 

R2^H        OH   O OH   O 

NBz2 NBz2 

syn anti 

Equation 9 

ß-keto-a-amino esters utilizes a-amino-ß-diesters, masked as oxazolones. I- 

25, and alkylation of 1-25 by Grignard reagents at C3 provides 

HO^ 
^^NHCOMe 

ArMgX 

HJV*^ Q EtO,CMe 

O—li 

O' >C 0 Et02C   * 
+ TS ^ A A^NHCOMe   NaBH4^ 

Me z ,,QH u 

'•25 >^^NHCOMe 

EtOaC   Me 

Equation 10 
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ß-oxo-a-acetamido esters (Equation 10).3<» As in the previous example 

(Equation 9). reduction of ß-oxo-a-acetamido esters with sodium borohydride 

affords ß-hydroxy-a-acetamido esters (Strategy E, Figure 4). 

The first category of molecules having structure III consists of the a,ß- 

oxirane esters (hetero atom is oxygen) and the a,ß-aziridinyl esters (hetero 

atom is nitrogen). Of these two the a,ß-oxiranyl esters, also called glycidic 

esters, are the most well known. The classic glycidic ester synthesis is the 

Darzen's synthesis,35 and in this preparation, nucleophilic addition of the 

enolate of a a-halo ester, 1-26. to a carbonyl compound (Equation 11) gives 

the addition product, 1-27. Subsequent intramolecular displacement of the 

halide by the alkoxide oxygen provides the glycidic ester (Strategy B, Figure 

4). Unfortunately, base-catalyzed self-condensation can compete with 

carbonyl addition. Better results are obtained using cc-bromo esters and 

lithium bis(trimethylsilyl) amide36 or sodium hydride in acetonitrile.37 

°\ W -       RK o  a, 
Rrp^-co2Et—*~y-^ 

R2      Cl) R2 C02Et 

1-26 |-27 

Equation 11 

A chiral version of the glycidic ester synthesis combines the 

stereoselectivity provided by a Evans auxiliary with the Darzen's reaction 

(Strategy B, Figure 4).3a in contrast to the previous Darzen's reaction, where 

ring closure occurs spontaneously, enolates of chiral a-haloacyl 

oxazolidinones, 1-28, are reacted with aldehydes to afford ß-hydroxy-a-bromo 
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esters (Equation 12). Treatment with base causes ring closure to afford the 

glycidic esters, and the total yields of the reaction are dependent on the 

reaction conditions. 

Y o 

1-28 

Y    O      OH 
1. LDA            AlA. 
2. R.CHO*"   \      /         1     ^ 

0-4       Br 
O 

[BnOUfTHF 

H   0   H y v 
BnO-<> 

0 

Equation 12 

Another variation of the Darzen's glycidic ester synthesis utilizes the 

reaction of chlorozinc ester enolate, I-30 with aldehydes to provide ß-hydroxy- 

a-chloro-esters as a diastereomeric mixture (Equation 13J.39 The zinc 

enolate, 1-30. is prepared from the reductive cleavage of the nitrogen-oxygen 

bond of the pyridinium salt. 1-29. synthesized by the reaction of 

ethoxyacetylene with pyridine-1 -oxide in the presence of mercury (II) chloride. 

As in the previous example (Equation 12). ring closure doesn't occur until 

treatment with sodium ethoxide. This type of intramolecular ring closure has 

been employed for other similar 1,2,3-trifunctional group arrays. Another 

chiral synthesis involves base induced ring closure of cc-hydroxy-ß-bromo- 

acids prepared from threonine.<°.«'.<a Other similar processes begin with the 
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reduction of ß-keto-a-chloro esters43 and ß-chloro-a-keto esters44 followed by 

treatment with sodium ethoxide (Strategy E, Figure 4). 

HC=COEt 

HgCl2 

H        OHM©   V 

CtHg        OEt    u^     -Hg.py   CI 

1-29 

H        OZnCI 

OEt 

1-30 

i 
OH    O 

1. RCHO 
2. HaO 

OH    0 

rY^0Et  +   R-^Y^oEt 
CI CI 

Equation 13 

Epoxidations of ccß-unsaturated esters, ccß-unsaturated ketones, and 

allylic alcohols have also been used in the preparation of glycidic esters 

(Strategy C, Figure 4). Some of these methods include the diastereoselective 

oxidation of (xß-unsaturated esters with m-chloroperbenzoic acid, mCPBA,45 

and the highly enantioselective oxidation of ocß-unsaturated esters catalyzed 

by Mn(lll) complexes.15 An effective synthesis of optically active aryl glycidic 

esters involves the Julia epoxidation of chalcones to afford oxirane ketones 

that undergo Baeyer-Villiger oxidation to afford glycidic esters (Equation 

14).46 
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Ph(CH2)a      0 poly-L-ieucine   Ph(^H2)8   nO 
NaOH, H202> 

EDTA, 
n-hexane, HaO 

Equation 14 

Another widely used and stereoselective glycidic ester synthesis is the 

stereoselective oxidation of allylic alcohols developed by Sharpless47-48 to 

afford epoxy alcohols (Equation 15j.i6.49.50.51 The resulting optically active 

epoxy alcohols are then oxidized to give the glycidic ester. 

0 1. RuCI3 

R^jjSf-v^OH  Sharpless^ R^|>^ ^OH       NalC>4 

epoxidation       * 2. CH2N2 

Equation 15 

NfV OMe 

Glycidic esters are themselves useful synthetic intermediates for the 

preparation of p-amino-a-hydroxy esters and aziridinyl esters (Structures Ilia 

and lllb, Rgure 3). Most commonly employed glycidic ester reactions involve 

ring opening reactions with amines or azides. For example, treatment of 

chiral glycidic esters, prepared by the Sharpless procedure (Equation 15), 
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with sodium azide opens the oxirane ring in an SN2 manner to give both 

possible regioisomers of the azido alcohols. 1-31 and 1-32, in chiral form 

(Equation 16).« Reduction of 1-31 and I-32 by triphenylphosphine initially 

forms oxazaphospholidines. 1-33 and 1-34, which under reduced pressure 

distillation afford the aziridine-2-carboxylic esters. Not many general and 

versatile procedures of aziridine-2-carboxylic esters are known. 

Rvl^^OR"    NaN3, NH^CI 

O 

^3, NH^CI 9H N3 

R-oH * fVSr0R"+ RTTOR' 

^H O 

OR' 

N3     O 

1-31 

R       C02R' 

H 
HNwO 

PPh3 

I-33 

Equation 16 

OH   O 

1-32 

PPh-, 

R_      COzR' 

+   "H 
HNN/0 

PPh3 

1-34 

Besides serving as intermediates for aziridine 2-carboxylic esters, ß- 

azido-a-hydroxy esters, 1-31 and I-32, are also useful intermediates for the 

preparation of ß-amino-cc-hydroxy esters (Structure lllb. Figure 3) by 

hydrogenation of 1-31 and l-32J6.si.siS3 Another ring opening reaction of 

glycidic esters by amine nucleophiles offers entry into ß-amino-cc-hydroxy 
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esters.1s-44.so.S4 Both of these nucleophilic ring opening reactions have been 

used in the preparation of the C13 side chain of taxol.15-'6.51.52 

Nucleophilic amine and azide ring opening of glycidic esters is only one 

route to ß-amino-a-hydroxyesters. A common starting material for the 

preparation of ß-amino-a-hydroxyesters is /V-protected-a-amino aldehydes 

that are readily accessible from a-amino acids. In the first step, a-amino 

acids are reduced by lithium aluminum hydride and protected to give a N- 

protected a-amino alcohol, 1-35 (Equation 17).ss  A tandem Swern oxidation 

followed by a nucleophilic addition of a vinyl Grignard reagent to the a-N- 

protected-amino aldehyde affords the allylic threo amino alcohol, 1-35, 

NH, 

o 

OH     LiAIH4; 

PhCOCI 

RCONH 

Ph' 
,OH  Swern; 

I 
MgBr 

NHCOR 

OH 

1-35 

Equation 17 

2. RuCI3 (cat), 
NalO«, 
NaHCO, 

RCOHN       0 

Ph OH 

Ö      OEt 

(Strategy A, Rgure 4). The alcohol oxygen of 1-35 is protected, and the ß- 

amino-a-hydroxy acid is obtained by oxidative cleavage using sodium 
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periodate and catalytic ruthenium chloride. In a similar reaction, the N- 

protected-a-amino aldehyde is treated with potassium cyanide followed by 

hydrolysis and esterification to provide the desired product9-55-57^ Both of 

these methods involve bond formation between Ci and C2 (Strategy A, Figure 

4). 

A different approach to (3-amino-cc-hydroxy esters involves the 

condensation of nitroalkanes with glyoxylic acid monohydrate (Strategy B, 

Figure 4) to give a ß-nitro-ct-hydroxy acid, 1-36.59 Reductive hydrogenation of 

the nitro group of 1-36 affords the ß-amino-a-hydroxy acid, and Fischer 

esterification followed by neutralization with triethylamine provides the ß- 

amino-a-hydroxy ester (Equation 18). 

Ph, 
O N02 O 

*N02   +    HY^OH TEA'M60H»    Ph^V-OH 
O OH 

1-36 

|H 
Pd/C 

HOAc 

N02  O NH2  O 

W^QH        J- HCme0H Ph^A~A0H 
iH                 2. TEA/MeOH JH 

Equation 18 

Besides the chiral Sharpless epoxidation reaction, other chiral 

procedures that lead to C13 side chain of taxol have also been developed. 

Two of these methods include the Sharpless (Strategy C, Figure 4) 
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oxyamination of unsaturated esters60 and the chiral ester enolate-imine 

cyclocondensation (Strategy B, Figure 4) developed for the synthesis of ß- 

lactams61. The latter method utilizes the reaction of a chiral lithium ester 

enolate, I-37, with a /V-(trimethylsilyl)imine, 1-38, to afford chiral c/s-ß-lactams, 

1-39 (Equation 19). Deprotection of the hydroxyi group of 1-39 followed by 

hydrolysis affords the ß-amino-a-hydroxy acid as the hydrochloride salt. The 

synthesis is completed by benzoylation of the ß-amino group by the Schotten- 

Baumann procedure to afford the enantiomerically pure A/-benzoyl-(2/?,3S)- 

phenylisoserine. 

H      OSi(/Pr)3      TMS ('-Pr)3SiO_       R, 

LiO-^OR* + R. ^-NH 1 O 
1-37 |-38 1-39 

I  1. n-Bu4l 
1 2. 6N H( 

IMF 
HCI O 

Pir>JH    O HCI- NH2 O 

Ph-M^OH       I™*® PhAAoH 
=                    NaHC03 = 
0H                 CH2CI2-H20 0H 

Equation 19 

A different approach to the C13 side chain of taxol utilizes sulfinimines 

as chiral ammonia imine synthons as precursors to ß-amino-a-hydroxy 

acids.62 The reaction sequence begins with the asymmetric oxidation of 

sulfenimines, 1-40. to afford the sulfinimines, 1-41 (Equation 20). and addition 

of ester enolates to 1-41 provides sulfinamides, 1-42. Subsequent one-pot 
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hydrolysis and benzoylation of 1-42 affords chiral /V-protected ß-amino esters, 

1-43. The enolate of 1-43 undergoes hydroxylation with (+)-(camphoryl- 

sulfonyl)oxaziridine to provide the methyl ester of AAbenzoyl-(2/?,3S)- 

phenylisoserine (Strategy D, Figure 4). Another versatile asymmetric 

synthesis for the preparation of ß-amino-a-hydroxy esters uses the Evans 

auxiliary with enolates of protected a-amino imides.63-" This is similar to the 

asymmetric oxazolidinone aldol approach used for the synthesis of a,ß- 

dihydroxy esters (Equation 4).3 

Ar'S> N^Ph 
chiral 

0    - 
\ f 

1-40 

oxidation   Ar       N 

1-41 

K 
OLi O 

" OMe   Ph^^NH 
ph--^C02Me 

I-42 

1. CF3C02H/MeOH 
2. PhC(0)CI 

TEA/DMAP 

PhC(O) 
.1. LDA 

>JH 

Ph- 
„C02Me 

2. "s/ PhC(O) 

OH 

so|T> 
o 

>JH 

Ph' 
„C02Me 

1-43 

Equation 20 

One of the simplest methods to the isomeric ß-hydroxy-a-amino esters 

is the reduction of ß-oxo-a-amino esters (Strategy E, Figure 4) (Equation 

9).32.33 other routes to chiral ß-hydroxy-a-amino esters include the clever 
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conversion of threonine to a//o-threonine and D-a/fo-threonine by 

fundamentally an inversion of the ß-stereocenter« Treatment of A/-protected 

threonine with Burgess Reagent induces intramolecular cyclization that 

proceeds with inversion of C3 to afford oxazoline. 1-44 (Equation 21). The 

acid hydrolysis of 1-44 provides an intermediate O-acyl amine that undergoes 

intramolecular 0~>/V-acyl shift by adjustment of the pH to give a/fo-threonine. 

H      0 
R. VNNMe       M6C2CNS°2N(Et)l      »S^A 

0HXH THF.70-C O—t» 

O 

OMe 

Me   OH 
Me 

1-44 

1. 0.3NHCI/THF 
2. K2C03, pH9.5 

H      O 

o XH 
HO   Me 

i 

Equation 21 

Not many reports for the synthesis of ocß-diamino esters have been 

made. One interesting procedure for the synthesis of a,ß-diamino esters 

involves the Hoffmann degradation reaction of the (BOC) protected L- 

asparagine with bis[trifluoroacetoxyj-iodobenzene followed by acylation with 

benzylchloroformate gives the a,ß-diprotected-o,ß-diamino acid (Equation 

22).9 This procedure was used in the synthetic sequence leading to 

cyclotheonamide B, 2. 
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1. Phl(OCOCF3)2 
VNH2 dioxane, H20, py r HCBZ 

H02C^"",NHBOC        2- CBZ-CI. NaHC03      H02CT ""NHBOC 

Equation 22 

In contrast to a,ß-diamino esters, a,ß-dihydroxy esters have received 

more synthetic interest. One procedure for the synthesis of leuhistinss utilizes 

alkylative oxidation of ß-ketoester, 1-45. with benzoyl peroxide at the a- 

position (Strategy D. Figure 4) to give a ß-keto-a-benzy!oxy ester. 1-46 

(Equation 23). An additional alkylation of 1-46 with (chloromethyl)-imidazote 

YYY 
OBz 

NaH 
benzene 

.OEt 

1-45 
O      0 

1-46 

HHCI 
NaOEt, EtOH 

Et02C   OH 
N<*\ 

NH 

NaBH4 
rMeOH 

BzO 
OEt 

OBz 

0      O 

1-47 

Equation 23 
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hydrochloride finishes the construction of the carbon skeleton affording 1-47. 

Reduction of 1-47 with sodium borohydride provides a diastereomeric mixture 

of synanti (3:1) isomers ß-benzyloxy-a-hydroxy esters where the benzoate 

group has migrated to C3. 

The most common procedure of preparation <x,ß-dihydroxy esters is by 

the b/s-hydroxylation of ocß-unsaturated acid derivatives. For example, 

treatment of cinnamic acid with osmium tetroxide provides the cc,ß-bis- 

hydroxylated acid (Strategy C, Figure 4).66 A chiral procedure for the 

synthesis of a,ß-dihydroxy esters (Equation 24) utilizes the Sharpless 

asymmetric dihydroxylation of unsaturated esters (Strategy C. Figure 4).52-67 

The cc,ß-dihydroxy esters can be used as intermediates for the preparation of 

glycidic esters. Selective monotosylation at the a-position provides the ß- 

hydroxy-a-losyloxy ester, 1-48, (Equation 24). Ring closure initiated by 

treatment with base yields the glycidic ester. This method was used as 

0 OH   O 

Ph-^OR, DQCB. NMMO,       ^       PhAJ^ 
Os04 (cat), acetone-H20 QH 

TsCI. TEA. 
,    CH2CI2 

OH   O 
K'C0»H°°   p„A_A0Rs 

DMF l ' OTs 

1-48 

Equation 24 
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another route to the C13 side chain of taxol.52 AS mentioned before (Equation 

4), an elegant chiral procedure for the generation of cc,ß-dihydroxy esters 

utilizes the aldol reaction of a boron enolate of imide prepared from an a- 

hydroxy acid with an aldehyde (Strategy B, Figure 4).3.ea 

As some of the previous examples indicate, it is often difficult to 

selectively manipulate one functionality without also transforming another 

functional group. This is especially true for structures I and III (Figure 3) that 

have two carbons at the same oxidation level. As a consequence, extensive 

protection and deprotection efforts must be employed, and the majority of the 

steps in the chemical sequence involve protecting group manipulation rather 

than functional group manipulation. Each protection and deprotection 

requires two additional steps in the total sequence. This wastes time and 

lowers the overall efficiency of the process markedly. 

Recently, a new approach to polyfunctional molecules based on 

differential reactivity has been under investigation. The underlying premise of 

this approach utilizes the inherent reactivity differences in different oxidation 

levels. If each carbon of a 1,2,3-trifunctional array is at a different oxidation 

level, each carbon should undergo different types of reactions. Ideally, there 

would be no interference from other functional groups, and consequently, the 

need for differential protection and deprotection steps is minimized. The 

benefit of this approach is increased overall yield, increased atom efficiency, 

and decreased preparation time. Of the structures previously considered, 

both structure Ha and structure lib (Figure 5) meet the criteria of this 

approach. As can be seen from the review of the literature, there are only a 

few examples for the synthesis of this array of functionalities. 
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As drawn, structures lla and lib (Figure 5) would not serve well as 

intermediates to other 1,2,3-trifunctionalized compounds because of the 

hetero atoms contained in the functional groups Y and Z. As described 

earlier, nitrogen or oxygen in the alcohol oxidation state are potential 

nucleophiles. Installation of these hetero atoms late in the sequence is 

generally prudent, thus synthetic intermediates leading to these structures are 

required which would have either Y or Z as a good leaving group. With the 

proper choice of leaving group, selective attachment of the desired hetero 

atom could be achieved, and the intermediate would be synthetically versatile. 

NR"2 O 

o 
Structure lla 

ß-amino-a-oxo acid 

OH    O 

R^Y^X 

O 

Structure lla 
ß-hydroxy-a-oxo acid 

O      0 

FT   ^Y  "x 

NR'2 

Structure lib 

ß-oxo-a-amino acid 

O      O 

R     >"   ^X 
OH 

Structure lib 

ß-oxo-a-hydroxy acid 

Figure 5. Possible Differential Reactivity Structures 

Two common choices for leaving groups are halides and sulfonyloxy 

groups, and there are several examples of 1,2,3-trifunctionalized compounds 

containing halide leaving groups.29-38-44.69 |n contrast, sulfonyloxy groups are 
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also excellent leaving groups, but placing sulfonyloxy leaving groups in the 

1,2,3-trifunctional environment has little precedent.52.67 -r^ chemistry of 

hal.de or sulfonyloxy substituted 1.2.3-trifunctionalized intermediates can be 

extrapolated from the known chemistry of halogen or sulfonyloxy substituted 

1,2-difunctional molecules. Some of the more interesting preparations and 

reactions of a-halo carbonyl compounds and a-sulfonyloxy carbonyl 

compounds will be considered. 

a-Halo carbonyl compounds are useful synthetic intermediates, and 

many studies of the preparation of these substances have been carried out.™ 

In general, a-halo carbonyl compounds can be easily accessed by the 

reaction of enol derivatives with halogens." -n On the other hand, 

preparation of a-sulfonyloxy carbonyls can be achieved by two methods. One 

method for the preparation of a-sulfonyloxy carbonyl compounds involves the 

condensation of 2-hydroxy carbonyl compounds with sulfonyl chlorides 

(Equation 25).73-™ This procedure is limited by the availability of the a- 

hydroxy carbonyl compounds, and while a-sulfonyloxy esters can readily be 

prepared by this route, the reaction of a-hydroxy ketones with sulfonyl 

chlorides is problematic due to base-promoted decomposition. 

OH TEA oso2R3 

Equation 25 

A second approach to a-sulfonyloxy carbonyl compounds involves 

oxidative attachment of the sulfonyloxy group to the a-position of the carbonyl 
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derivative by use of an electrophilic equivalent of the sulfonyloxy group. 

Reagents that have been utilized for this purpose are hypervalent iodine 

reagents and sulfonyl peroxides. Hypervalent iodine reagents75 have been 

used to oxidatively attach tosyloxy, mesyloxy, and triflyloxy groups to the ex- 

position of carbonyls by reaction with the enol derivatives of carbonyl 

compounds (Equation 26). This procedure is advantageous for reactions of 

carbonyl compounds with low enol contents. The attacking electrophile is an 

electron deficient iodine species, [hydroxy(tosyloxy)iodo]-benzene. and an 

iodonium intermediate. 1-49 is produced. The tosyloxy group attacks 1-49 to 

give the a-sulfonyloxy carbonyl with loss of iodobenzene. 

HOk 
Pfr X>H 

PHOV M o „ n« 

CL OTs 
QOTs ^0Ts 

1-49 

Equation 26 

Sulfonyl peroxides have also been used for the preparation of o> 

sulfonyloxy carbonyls by electrophilic oxidative attachment of (arylsulfonyl)oxy 

groups to electron rich enol derivatives.76 One particularly useful sulfonyl 

peroxide, is b/s((p-nitrophenyl)sulfonyl)) peroxide. p-NBSP. which has been 

successfully used in reactions (Equation 27) with enol derivatives such as 

enol ethers,77 enol acetates™ silyl enol ether and enamines79 ketene silyl 

acetals.80 silyl enol ethers of ct,ß-unsaturated esters.81 In contrast to the 
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hypervalent iodine reagents, the enol derivatives of the carbonyl must be pre- 

formed before reaction with the sulfonyl peroxide. 

All of these reactions require the synthesis of the stable enol 

derivatives from the carbonyl compound. A more efficient route to a-nosyloxy 

carbonyls would be the direct reaction of the enol form with p-NBSP. The 

E= OR, OAc, OSiMe3, NR2       \v     » 

NO-, 

NO, 
O        y—v 

Equation 27 

success of this approach depends on an inherently high enol content of the 

carbonyl compound. The enol content of the carbonyl must be sufficiently 

high in order to sustain the bimolecular addition reaction with p-NBSP 

because the competing reaction is the decomposition of the p-NBSP. This 

was demonstrated by the reaction of deoxybenzoin with p-NBSP in the 

presence of boron trifluoride etherate (Equation 28).79 Simple ketones, such 

as cyclohexanone and acetophenone, did not afford a-nosyloxy ketones 

directly because of their low enol contents. 
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9 0H BF, ° 

H H ONs 

Equation 28 

The reactivity of a-halo carbonyl compounds is different than typical 

alkyl halides. An electron withdrawing group such as a carbonyl group a to 

the halide group82 enhances substitution and elimination pathways generally 

through an inductive effect. Moreover, attachment of a halide next to a 

carbonyl group increases the electrophilicity of the carbonyl group. 

Consequently, the reactions of a-halo ketones with bases and nucleophiles 

are often complex, and there are six different reaction pathways possible. 

The pathway followed depends upon the halogen present, the presence of 

protons a and ß to the carbonyl group and the reaction conditions used. 

Compared to the six different pathways known for the reaction of a- 

halo ketones with nucleophiles and bases,82 the reaction of a-sulfonyloxy 

ketones is greatly simplified.76 a-Nosy!oxy ketones tend to undergo two basic 

transformations. The first transformation is due to the enhanced 

electrophilicity of the carbonyl group. Nucleophiles add to the carbonyl group, 

and the resulting tetrahedral intermediate decays by nucleophilic 

displacement of the nosylate. For example, reaction of cc-nosyloxy ketones 

with methanol and potassium carbonate (Equation 29), provides a-hydroxy 

ketones.83 Nucleophilic addition of methoxide to the carbonyl group gives a 

tetrahedral intermediate. 1-50. Subsequent intramolecular displacement of 
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nosylate followed by acidic, hydrolytic work-up provides an ct-hydroxy ketone. 

In contrast, this process is a minor pathway of a-halo ketones. 

n <=> ( O  OMe -*v 

Ra   ONs ^(ONs f^X 

1-50 

le 
i OMe 

ff u© MeO OMe 

,>r^3   H2O  Rl>r^3 
Ra R2 

Equation 29 

The reaction of a-nosyloxy ketones with other nucleophiles has also 

been studied. Amines also undergo nucleophilic addition to the carbonyl of o> 

nosyloxy ketones to afford the tetrahedral intermediate, 1-51 (Equation 30).83 

In such cases, the nosylate is displaced by the amine, and a-amino ketones 

are obtained. Recently, sodium azide84 was found to displace the nosylate 

group of a-nosyloxy ketones in high yields, but the reaction is believed to 

occur by azide ion attack directly on the cc-carbon and not by attack on the 

carbonyl. 

HO 
Ft 
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R2N    OH 
Ri 

R2 

:>r\ M± ox;_^ 
ONs 

1-51 

OH 

t 

I 
© 

O OH 

R2 R2 

Equation 30 

A second reaction pathway of cc-nosyloxy ketones is observed upon 

treatment with non-nucleophilic bases. The products are a-p-(nitrophenyi)-cc- 

hydroxy carbonyls (Equation 31 )ß3 The combination of the electron 

o - 
1. -so2 

1-52 
Equation 31 
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withdrawing ability of both the carbonyl group and the a-nosyloxy group, 

greatly acidify the a-proton. For example, enolate formation of a-nosyloxy 

tetralone followed by intramolecular addition to the p-nitrobenzenesulfonyloxy 

group in an ipso fashion forms a four-membered ring, Meisenheimer 

intermediate, 1-52. The intermediate 1-52 collapses with loss of sulfur dioxide 

to provide the a-p-(nitrophenyl)-a-hydroxy tetralone. 

Chiral a-nosyloxy esters, prepared from chiral a-hydroxy esters, were 

found to give chiral 2-hydrazinyl esters upon reaction with f-butyl carbazate.85 

Alkyl a-nosyloxy ß,y unsaturated esters were also fount to react with amines 

by direct displacement of the nosylate group.81 In an elegant chiral synthesis, 

D-a-amino acids were prepared from L-a-amino acids by inverting the 

configuration of the a-carbon (Equation 32).88   The key intermediate, a chiral 

a-nosyloxy ester, was treated with sodium azide to afford the (fl)-2-azido 

esters. Staudinger reaction with the (fl)-2-azido esters afforded the D-a- 

amino acids. In contrast to a-nosyloxy ketones, the substitution mechanism 

for a-nosyloxy esters with nucleophiles probably occurs by simple 

substitution.85-86 In summary, a-nosyloxy carbonyls react with nucleophiles to 

give a-substituted carbonyls and with non-nucleophilic bases to afford a-p- 

(nitrophenyl)-a-hydroxy carbonyls. 

,      tf QQ I^M^RJ NaN3 >RNJU 
jL 2. K2C03.Mel iNs DMSO       = 

0 

OMe 
13 

© 3. NsCI, TEA, DMAP 

Equation 32 
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Recently, 1,2,3-trifunctionalized intermediates, ß-keto-a-nosyloxy 

esters (structure lib, Figure 5), have been effectively prepared (Equation 33) 

from the reaction of ß-keto-esters and pNBSP (Strategy D, Figure 4)*7-**-w 

As was the case with deoxybenzoin (Equation 28), the enol content of the ß- 

keto esters was sufficient to support the bimolecular addition reaction in 

methylene chloride at 0 °C: however, ß-diesters with lower enol content did 

not react well with the p-NBSP.7^ ß-Keto a-nosyloxy amides (structure lib. 

Figure 5),90 were also prepared by the reaction of the ß-keto amide and p- 

NBSP with zinc chloride in ethyl acetate at -78 °C. The ease of preparation of 

ß-keto-a-nosyloxy esters led to the investigation of their reactions. 

RAAR,  *   «>NBSP   Ä     R,^0Ra 
ONs 

Equation 33 

ß-Keto-a-nosyloxy esters and ß-keto-a-nosyloxy amides were found to 

undergo a variety of transformations to give other 1,2,3-trisubstituted 

products. Reaction of ß-keto-a-nosyloxy esters91 with triethylamine gave 

1,2,3-tricarbonyl esters (Equation 34), by base promoted, reductive 

elimination (Strategy E. Figure 4). The 1,2,3-tricarbonyl compound was not 

isolated, but the 1,2,3-tricarbonyl could be trapped in situ by treatment with 

o-phenylenediamine. Likewise, treatment of ß-keto-a-nosyloxy amides90 with 

DBU provided 1,2,3-tricarbonyl amides that were also trapped with o-phenyl- 

enediamine to give 1-53. In contrast to the ß-keto-a-nosyloxy esters, the 

44 



.M.=UVJ3C &r ^YQR2 

o 
1-53 

Equation 34 

reaction of ß-keto-oc-nosyloxy amides with triethylamine and diisopropylamine 

did not provide the 1,2,3-tricarbonyl compound.90 

f-Butyl ß-keto-a-nosyloxy esters derivatives are a special class of ß- 

keto-a-nosyloxy esters and were found to decarboxylate when treated with 

trifluoroacetic acid to afford ct-nosyloxy ketones (Equation 35).87-83 The f- 

butoxycarbonyl group directs the electrophilic oxidative attachment of the 

nosyloxy group and is removed in the final step. In contrast to the other 

methods for the preparation of a-nosyloxy ketones (Equation 26 and Equation 

27), this method allows for the regiospecific preparation of a-nosyloxy 

ketones, and the regiospecific enol derivative does not have to be prepared. 

0     0 0 
11 TFA,-C02. 1 

ONs -(CH3)2C=CH2 l 
ONs 

Equation 35 

Reduction of ß-keto-a-nosyloxy esters by sodium borohydride provides 

ß-hydroxy-a-nosyloxy esters in good yields as a mixture of syn and anti 

diastereomers (Equation 36).91 The diastereomers are separable by HPLC 
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UN ?H   ? 0H   ° 

ONs ONs ONs 

syn snti 

Equation 36 

and are distinguishable by 1H NMR spectroscopy, but assignment of the syn 

and anti stereochemistry could not be done based upon chemical shifts and 

coupling constants. 

ß-Hydroxy-cc-nosyloxy esters are versatile intermediates. Reaction of 

the ß-hydroxy-a-nosyloxy esters with triethylamine in acetonitrile provides a 

mixture of the eis and trans glycidic esters (Equation 37).si The ring closure 

is stereoselective. The syn reduction product provides the c/s-glycidic ester 

and the anti reduction product affords the frans-glycidic ester. The coupling 

constants and chemical shifts of the glycidic esters allow assignment of the 

eis and trans isomers, and therefore, the major diastereomer produced in the 

reduction with sodium borohydride is assigned as the syn isomer. 

R XX0R JS^ yv 
R,      Y     0R2     CH3CN       R/\ 

ONs ^UH2 

Equation 37 

Since the reaction of ß-hydroxy-a-nosyloxy esters with triethylamine 

provides ring closure, most amfne nucleophiles would be unsuitable as 

nucleophiles. As is the case for a-nosyloxy esters (Equation 32). reaction of 
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ß-hydroxy-cc-nosyloxy esters with a weakly basic amine equivalent, sodium 

azide, affords the ß-hydroxy-a-azido esters in fair yields (Equation 38). The 

reaction is stereoselective. but about 25% epimerization is found to have 

occur at the a-carbon. In summary, ß-keto-a-nosyloxy esters are found to be 

versatile intermediates for the preparation of 1,2,3-tricarbonyls and ß-hydroxy- 

a-nosyloxy esters, and ß-hydroxy-a-nosyloxy esters are themselves 

intermediates for the preparation of glycidic esters. 

OR2 

OH    O OH    O 

ONs 50 °C N3 

Equation 38 

While 1,2,3-trifunctionalized intermediates with structure lib (Figure 5) 

have been prepared and found to be very versatile and useful synthetic 

intermediates, 1,2,3-trifunctionalized intermediates with structure lla (Figure 

5) have not been prepared or investigated to any extent. This is probably due 

to the fact ß-ketoesters are well known compounds that have been 

extensively studied while only recently have a-ketoesters become more 

widely available. Based on the synthetic versatility of ß-oxo-a-nosyloxy 

esters, it was envisioned that ß-nosyloxy-a-keto esters could also prove to be 

interesting and effective synthetic intermediates for the preparation of 1,2,3- 

trifunctionalized compounds. 
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3. RESEARCH OBJECTIVES 

This research has two main objectives. The first is to develop a 

synthesis of ß-nosyloxy-a-ketoesters from a-keto esters based upon oxidative 

attachment of the nosyloxy group to the ß-position of the a-keto ester utilizing 

the electrophilic reagent, p-NBSP, (Equation 39). This method requires the a- 

keto ester to function as a nucleophile, and since a-keto esters are not 

inherently nucleophilic, the reactivity of the a-keto esters must be altered by 

conversion into nucleophilic enol derivatives. Synthetic methods for the 

preparation of these electron rich enol derivatives had received little attention, 

thus far. 

R   7      ?\ fy     ?i ONs O 

O OSiMe3 o 

1,2-Difuntionalized Enol Derivative 1,2,3-Trifunctionalized 
Intermediate 

Equation 39 

The second main objective of this research is to examine the utility of 

ß-nosyloxy-a-keto esters as synthetic intermediates for the synthesis of other 

interesting 1,2,3-trifunctionalized compounds. The chemistry of ß-nosyloxy-a- 

keto esters should be dictated by two structural features of these compounds, 

the electrophilic carbonyl group and the excellent leaving group ability of the 

nosylate. Traditional transformations of the carbonyl group such as 

nucleophilic addition and reduction will be examined. Reduction of the 
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carbonyl group would afford ß-nosyloxy-a-hydroxyesters, which when treated 

with base, could potentially undergo ring closure to afford glycidic esters. The 

ability of the nosylate to act as a leaving group will be examined by reaction 

with nucleophiles. The juxtaposition of these two reactive groups next to each 

other provides the opportunity for unusual chemistry, and methods for a 

combination of both of these chemistries by condensation reactions will be 

examined (Equation 40). 

•L, H   ONs O ONs O 
9    V      ^condensation _ >^ 2JL._ reduction        >LaX 

Ri'       C02Et if Ö [H"] ÖH 
SNH, A 

substitution 
[Nu] 

Nu    O 

R,'3>jj'isOEt 

O 

Equation 40 
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4. RESULTS 

4.1 Preparation of 3-[[(p-Nitrophenyl)Sulfonyl]Oxy] 2-Keto Esters 

A variety of cc-keto esters (Table I) were chosen to examine the effects 

of structural changes on the conversions of these compounds into 1,2,3- 

trifunctionalized derivatives and subsequent conversions into other, 

biologically interesting 1,2,3-trifunctionalized molecules. While methyl 

pyruvate, 10a, has been commercially available for some time, only since the 

inception of this project have other cc-keto esters become commercially 

available. Those a-keto esters besides 10a that are commercially available 

are ethyl 4-phenyl-2-oxobutyrate. 10b, diethyl oxalpropionate, 10d. and ethyl 

3-methyl-2-oxobutyrate, 10e. Since only a limited number of a-keto esters 

can be purchased, other a-keto esters including ethyl 2-oxo-octanoate, 10c, 

ethyl cyclohexylglyoxylate, 10f, and ethyl 3-phenyl-pyruvate, 10g, were 

synthesized. 

One of the most versatile methods for the synthesis of a-keto esters is 

the reaction of an alkyl Grignard reagent. 9, with diethyl oxalate (Equation 

41).92 Yields for this reaction typically range from 50-75%, and possible 

o   H O HO 

Ftr    MgBr T^0Et      JL-*' R^ff^Et 
O O 

9 10 

Equation 41 
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structures are limited only by the availability of the Grignard reagent. 

Recently, even vinyl Grignard reagents have been reported to give good 

yields.93 

Table 1. Availability of a-Keto Esters 

Structure 

10a 

10b 

10c 

10d 

10e 

10f 

10g 

■*,- 

H 

CH2Ph 

n-pentyl 

CH, 

H 

H 

H 

EtOCO 

CH, 

-cyclohexyl- 

Ph H 

Me 

Et 

Et 

Et 

Et 

Et 

Et 

Commercial Availability 

yes 

yes 

no93 

yes 

yes 

no94 

no95-96 

There are some drawbacks with this synthesis. Prepared or 

purchased, the Grignard reagent, 9, has a propensity to couple with itself to 

afford the dimeric hydrocarbon. Luckily, this by-product generally presents no 

difficulty in the purification of the a-keto ester, as it is much less polar than 

either the reaction product or diethyl oxalate. The major difficulty with this 

synthesis lies in the separation of the a-keto ester from diethyl oxalate. 

Frequently, the boiling points of the product and diethyl oxalate are too close 

to provide adequate separation using distillation, and separation by 

chromatography was inconvenient due to the large amounts of product that 

were prepared at one time. The original report of this synthesis used two 
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equivalents of diethyl oxalate for each mole of Grignard reagent, 9. A 

modification that gives higher yields of a-keto esters uses 10% excess diethyl 

oxalate.97 In spite of these drawbacks, the Grignard route to a-keto esters 

was used to prepare the requisite a-keto esters in fair yields. This is a far 

better procedure than another recently reported route to a-keto esters which 

involves a two carbon homologation of aldehydes.98 In our hands, this 

procedure yielded no product. 

Inherently, a-keto esters are not nucleophilic enough to react with 

electrophiles, so the nucleophilic reactivity of the a-keto esters has to be 

increased by conversion into an enol derivative which can serve as an 

electron rich nucleophile. The preparation of silyl enol ethers from ketones 

normally involves the treatment of a ketone with a base of sufficient strength 

to afford an enolate and subsequent trapping of the enolate with a trialkylsilyl 

halide." For asymmetrical ketones, two regioisomeric enolates (Equation 42) 

Rj_Oe 

RJ    R3 

H      H E-regioisomer I 
"^3     base^ 

e, 

R1 (I R4 
Ri.      .0 

.e 

R; R3 

Z-regioisomer I 

O       R4 

FU s>0 "i    Rj 

E-regioisomer II 

®0_R3 

Ri \ 

Z-regioisomer II 

Equation 42 
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can be formed with the possibility that each of the regioisomers has two 

stereoisomers, (Z, £). Arranging the R groups by the Cahn-lngold-Prelog 

sequence, the highest priority is given to R1t and the priority sequence for the 

R groups becomes Ri>R2>R3>R4. 

For a-keto esters, only one regioisomer is possible since the other 

substituent on the ketone is an ester group (Equation 43). If the R, and R2 

are not the same group, then the possibility of two stereoisomers, Eand Z 

enolates, exists. Again, the same Cahn-lngold-Prelog sequence, Ri>R2, is 

used for designating the Eand Zstructures. For the a-keto esters used in 

this study, only 10b. where Rt = Bn and R2 = H, and 10c, where R, = n-CsHn 

and R2 = H, could give mixtures of the Eand Zenolates. The Eenolate from 

10b and 10c is the structure wherein the oxygen is on the opposite side of the 

alkene as the alkyl chain, and the Zenolate has the alkyl side chain 

positioned on the same side of the alkene as the oxygen. The relative 

amounts of the stereoisomers is dictated by the relative rates of the two 

competing proton removal steps. 

„HO e e 
f^vj     ii ^ R2      o R,      o base 

OR3    » 
Ö R'       C02R3 R2        C02R3 

10a-d E-enolate Z-enolate 

Equation 43 

Two different reaction conditions were used to convert the a-keto 

esters to enolates. The first set of conditions employed the slow addition of 

triethylamine in tetrahydrofuran to a solution of the a-keto ester and 

53 



trimethylsilyl chloride in tetrahydrofuran (Equation 44).'«> The procedure was 

first reported by Creary for the synthesis of 1-carbomethoxy-1- 

(trimethylsiloxy)ethylene, 11a, and the yield was slightly improved by 

substituting tetrahydrofuran for ether as the reaction solvent. Fair to excellent 

yields for silyl enol ethers 11a-d were obtained (Table 2), and compounds 1- 

carboethoxy-1 -(trimethylsi!oxy)-3-phenylpropene, 11 b. 1 -carboethoxy-1 - 

(trimethylsiloxy)heptene, 11c, and 1 -carboethoxy-1 -(trimethylsiloxy)-2-methyl- 

2-carboethoxyethylene, 11d, are new compounds. 

r,     H        O R2>kA                             TEA     \     P 
R,      7f     OR3 + CISiMe3    »►     )=( 

OSiMe3 

Ö THF     Rf       C02R3 

10 11 

Equation 44 

Some silyl enol ethers prepared from ketones have been found to be 

susceptible to hydrolysis, but 11a-d are stable to hydrolytic work-up as well as 

silica gel chromatography. The main impurity in this procedure was found to 

be the starting a-keto esters, 10, and only 11d showed substantial amounts of 

the starting material (25%). As long as the triethylamine was completely 

removed during the work-up, the silyl enol ethers could be used as crude 

products without further purification. It should be noted that the yield 

calculated for 11 d is corrected for the concentration of 10d. In all cases, the 

trimethylsilyl chloride and the triethylamine needed to be freshly distilled or 

poor results were obtained. 
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Table 2. Preparation of Silyl Enol Ethers Using Triethylamine 

Product R! R- R. Yield (%) 

11a H H 

 13  

Me 67 

11b CH2Ph H Et 89 

11c n-pentyl H Et 49 

11d CH3 EtOCO Et 74 

11e CH3 CH3 Et 5 

I1f -cyclohexyl- Et 7 

Unfortunately, 10e and 10f gave little conversion to the corresponding 

silyl enol ether when treated with triethylamine and trimethylsilyl chloride (5% 

and 7% respectively). It was initially thought that 11e and 11f were more 

sensitive to hydrolysis than the other products, so the reaction mixture of 11e 

was not subjected to a hydrolytic work-up. This modification also produced 

11e in 5% yield, and even the use of a more stable silyl group, dimethyl-r- 

butylsilyloxy, provided no improvement. It is assumed that the same 

modifications to the procedure would have provided the same results for the 

preparation of 11f even though these modifications were not actually tried 

with 10f. Therefore, a different method for these two a-keto esters was 

sought. 

Proper selection of reaction conditions can make a significant 

difference in the success of a reaction. There is a good deal of literature on 

the synthesis of silyl enol ethers from unfunctionalized ketones, and much of 
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the early work on silyl enol ether preparation from ketones was done by 

House.101   Different bases and reaction conditions were examined, and a 

great variability in product composition was observed under differing reactions 

conditions. For example, 1-phenyl-2-propanone, 12, was treated with three 

different bases and trimethylsilyl chloride (Equation 45). The results from 

these experiments are shown (Table 3). When reacted with triethylamine, the 

silyl enol ether product was obtained in 42% yield with a Z:E ratio of 

67%:33%. Use of lithium diisopropylamide gave 34% product in a Z-E ratio of 

14%:86%, and sodium hydride gave 61% product in a Z:E ratio of 96%:4%. 

From this data, sodium hydride was clearly gave the highest conversion to a 

silyl enol ether, if Z the isomer was desired. 

O OTMS CH3 

^YV *    baSS    ^^*   PhY^CH3   * PV^OTMS 
H H A 

12 Z-13 £-13 

Equation 45 

Table 3 Preparation of Silyl Enol Ethers of 1-Phenyl-2-Propanone 

Base Yield «M Z isomer (%) E isomer (%) 

TEA 42% 67% 33% 

LDA 34% 14% 86% 

NaH 61% 96% 4% 
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On the other hand. Stork had found sodium hydride to react sluggishly 

with ketones,102 and consequently, the self-condensation reaction can 

compete with silyl enol ether formation. A base with a little more reactivity 

would be a better choice, but even lithium diisopropylamide amide, generally 

regarded as the best reagent to convert ketones to enolates, afforded aldol 

by-products from methyl ketones.™1 In these cases, the of the aldol reaction 

is competitive with the rate of proton removal. 

Another strong base commonly used for enolate formation is 

potassium hydride.1«-«*!« It was hoped that potassium hydride would have 

enhanced reactivity so as to convert 10e and 10f to their respective enolates. 

The reaction with 10e and 10f with potassium hydride (Equation 46) quickly 

formed enolates that were subsequently trapped with trimethylsilyl chloride in 

good yields (Table 4). The main impurity found for the reaction was the 

respective a-keto ester starting material. For the preparation of 11e, the 

product mixture was found to contain 10% of 10e, and as before, the 

calculated yield was adjusted for the impurity. As was suspected, 11e and 

11f were sensitive to hydrolysis; thus, neither aqueous work-up or silica gel 

chromatography could be used for purification. However, the crude products 

were of sufficient purity to use in subsequent reactions with pNBSP and some 

purification of 11e and 11f with bulb to bulb distillation could be achieved if 

necessary. 

Although it was gratifying to be able to produce all of the trimethyl silyl 

enol ethers, it was desirable to find one, general preparation for all of the silyl 

enol ethers. Since triethylamine and trimethylsilyl chloride conditions did not 
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o     H          0 

RiY^OFfe 
0 

1. KH  ^. 

2. TMSCI 

R,        OSiMe3 

>—( 
R/    CO2R3 

10e,f 

Equation 46 

11e,f 

Table 4. Preparation of Silyi Enol Ethers Using Potassium Hydride 

Product R. R. Rn Yield (%) 

11c n-pentyl H Et 0 

He CH3 CH3 Et 71 

11f -cyclohexyl Et 72 

produce silyl enol ethers for all reactants, potassium hydride and trimethylsilyl 

chloride reaction conditions were examined further. Unfortunately, treatment 

of 10c with potassium hydride gave self-condensation followed by ring closure 

to produce the unsaturated lactone, 14. in 80% yield. Attempts to find a 

single procedure for the effective preparation of silyl enol ethers derivatives of 

a-keto esters were abandoned. 

OH 
csHu>v^S5-o 
Et02C-4—O 

CsHn 

14 
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As described before (Equation 43). when the R2 group of the oc-keto 

ester is a hydrogen, as for 10b and 10c, the possibility of two stereoisomeric 

enolates, Zand E, exists. Under the reactions conditions examined, only one 

stereoisomer of 10b and 10c was produced. Various attempts to determine 

the stereochemistry of 11b and 11c were undertaken. If both the Eand Zsilyl 

enol ethers had been produced, proper assignment would have been much 

easier, since the geometry of other sily enol ether derivatives have been 

determined by ™C NMR.">6 For example, the 13C signal of the allylic C3 of an 

Etrimethylsilyl enol ether, 8, has been reported to have a chemical shift 5-6 

ppm upfield from the Z isomer. However, the allylic C3 for 11b and 11c is a 

carboethoxy group, and it is unknown if the carboethoxy group would exhibit 

the same type of structure and spectral relationship. 

OTMS 

Another method used to assign the geometry of trimethylsilyl enol 

ethers is the NMR measurement107 of the nuclear Overhauser effect. 

(NOE).108 This technique is one of the best methods to infer intemuclear 

distances in molecules and consequently stereochemistry of molecules in an 

indirect manner. The NOE effect depends upon the dipolar coupling between 

nuclei instead of scalar coupling (./-coupling). The procedure involves the 

measurement of change in intensity of one resonance when the transitions of 

another are saturated with a presaturation pulse before the acquisition of the 
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data. Measurement of the normal intensity of the resonance is made, /0, and 

the intensity while saturation of some other resonance is given by /. The 

value of the NOE, m, is the difference of the measurement after saturation 

and before the saturation, divided by the initial normal intensity {T\-, = (l-l0)/l0). 

The value for r\-t is multiplied by 100% to give NOE as a percent 

enhancement. Although this is not always the case, the measured 

enhancement has been found to be inversely proportional 1/r6. where r6 is the 

distance between the two nuclei of interest. Therefore, proximate nuclei will 

give rise to larger NOE enhancements, and distant nuclei will not give 

enhancements. 

It was anticipated that depending upon whether the product was the E 

or the Zisomer, selective pre-irradiation of the trimethylsilyl resonance would 

cause a NOE enhancement in the group that was on the same side of the 

alkene. So. if 11b was the E isomer, then irradiation of the trimethylsilyl 

resonance would cause a corresponding enhancement of the vinyl signal 

(Figure 6); conversely, irradiation of the vinyl signal would cause 

enhancement of the trimethylsilyl signal. On the other hand, if 11 b was the Z 

isomer, selective irradiation of the trimethylsilyl resonance of Zisomer would 

give rise to an enhancement in the benzylic signal, and irradiation of the 

benzylic resonance would cause a corresponding enhancement in the 

trimethylsilyl resonance. What should be noticed is that the internuclear 

distance between the trimethylsilyl and the vinyl proton in &llb is closer than 

the internuclear distance between the trimethylsilyl and the benzylic group of 

Z-11b. While selective irradiation of the trimethyl silyl and vinyl signals of E- 

11 b would most likely give rise to a NOE enhancement, irradiation of the 
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trimethylsilyl or benzyl group of Z-11b may or may not cause a NOE 

enhancement because the intemuclear distance is greater in Z-11b than in 

the E-11 b isomer. 

HOSiMe3 ph_V       0SiMe3 

1-7\      C02Et H        COaEt 
H    H 

E-I1b z-Hb 

/^\ 

Figure 6. Possible NOE Enhancements for E-11b and Z-11b 

While the cross relation caused by the dipolar interaction between two 

nuclei leads to the observed NOE. dipolar interaction is not the only way in 

which nuclear relaxation can occur. Other mechanisms that cause relaxation 

are intermolecular interactions, unpaired electrons, electronic and magnetic 

instabilities of the instrument, and these relaxation mechanisms are the main 

reasons for reduced NOE values. As can be imagined, the experiment places 

considerable demands on the spectrometer, and consequently much folklore 

surrounds the NOE experiment. Some precautions can be taken to minimize 

these unwanted relaxation mechanisms. Intermolecular interactions can be 

minimized by dilution of the sample. The main source of unpaired electrons is 

dissolved oxygen in the sample, and oxygen can be removed by the freeze- 

pump-thaw degassing method108 utilizing the Wilmad J. Young Valve NMR 

tube. Chemical shifts show significant temperature dependence, so careful 

monitoring of the temperature of the NMR instrument room is also necessary. 
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Consequently, the best time to do these experiments is in the early hours of 

the morning when the chance of somebody opening and closing the doors is 

smaller. 

Since NOE enhancements depend upon the gradual building up of 

equilibrium populations, the presaturation of each signal should be carried out 

for at least three times (five times is preferable, but usually not feasible) the 7"i 

relaxation time for that proton. This requires a 7"n analysis for each of the 

signals to be irradiated. Typical relaxation rates of the vinyl protons of 11b 

and 11c for properly degassed samples were 7-8 s. The T, analysis also 

gives information about isolated protons, and protons that have unusually 

long relaxation times, as the vinylic protons do. suggest the relative isolation 

of these protons from other protons in the molecule. This is suggestive that 

the silyl enol ether isomer formed is the Zenol. The relative isolation of the 

vinyl proton was also confirmed by the fact that experimental modifications 

such as the highly touted cycledof109 (a cycled, difference spectrometry 

experiment) NMR experiments as well as the cruder, manual NMR NOE 

difference experiments failed to produce any NOE enhancements for 11b or 

11c. Again, this result suggests, but does not prove, that the geometric 

structure for 11b and 11c is the Z isomer. 

The NOE enhancement or the lack of it should not on its own be used 

for structure determination. Just as the observance of an NOE between two 

protons does not prove that the two protons are close, the lack of any NOE 

does not provide sufficient evidence that the two protons are far apart.110 

Enhancements depend not only the interaction of the irradiated protons 

62 



because the total of ail the of the other nearby unsaturated spins, and the 

total of all the of the other nearby unsaturated spins could be zero.11° 

Even though concrete evidence could not be obtained for the 

unambiguous stereochemical assignment of 11b and 11c, the 

stereochemistry assignment does not limit the use of silyl enol ethers as 

electron rich enol derivatives of a-keto esters. All of the required silyl enol 

ethers 11a-f were prepared in good to excellent yields by one of two methods 

with the only major impurity, if any, being the a-keto ester. The reaction of 

11a-f with p-NBSP was examined, and p-NBSP was prepared by the 

condensation of (p-nitrophenyl)-sulfonyl chloride with hydrogen peroxide 

under alkaline conditions using a two phase reaction system at -78 ° C.76 The 

resulting peroxide is a stable, white, crystalline solid that is handled safely in 

the laboratory with appropriate precautions. 

Reaction of silyl enol ethers 11a-f with p-NBSP in ethyl acetate at 0 °C 

(Equation 47) provided the desired 3-([(p-nitrophenyl)sulfonyl]oxy] 2-keto 

esters 15a-f in good yields (Table 5). The reaction was tolerant of a wide 

range of structures, although 15e,f gave slightly lower yields. Products 

15a,b,e-g are solids that were purified by recrystallization, while 15c is an oil 

and 15d is a slushy oil. Purification of 15c by chromatography worked quite 

nicely, and purification of 15d was done by dissolving the oil in a minimum 

amount of ethyl acetate, adding hexane until cloudy, and collecting the 

resultant oil. All of the products can be stored for extended periods of time at 

0 °C. Since silyl enol ethers, 11a-f, occasionally contained some starting a- 

keto ester, a slight excess (10-15%) of 11a-f was generally used to ensure 
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completion of reaction. Acceptable elemental analyses were obtained for all 

ß-nosyloxy-a-keto esters 15a-g. 

ysiMe3 Rj,    o 

I    0 H5A^       NSOO 
R,     O O 

11 15 

Equation 47 

Table 5. Preparation of 3-[[ONitrophenyl)Sulfonyl]Oxy] 2-Keto Esters 

Product R, R-, R. Yield f%^ 

15a H 

2 

H 

 3  

Me 82 

15b CHaPh H Et 82 

15c n-pentyl H Et 88 

15d CH3 EtOCO Et 65 

15e CH3 CH3 Et 61 

15f -cyclohexyl- Et 59 

15g Ph H Et 67 

It was not necessary to prepare the silyl enol ether of ethyl 3-phenyl 

pyruvate, 10g, because the enol content, as determined by 'H NMR of the o> 

keto ester, was sufficient to sustain the bimolecular addition reaction with 

pNBSP in the presence of a Lewis acid, zinc chloride (Equation 48). Ethyl 3- 

(p-nitrobenzenesulfonyl)oxy]-3-phenyl-2-oxopropionate, 15g, was obtained in 
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good yields. It has been reported95-96 that 10g exists in two enol forms, the E 

and Z, as well as the ketone form. The amount of enol present appeared to 

dependent on the manner in which the a-keto ester was handled during 

preparation, since the enol content varied from 42% from one preparation to 

84% in another trial. 

HNJ        I! w     Ph        C02Et   pNBSP,     Hq      jj 
Ph^Y^OEt    —        M -£g»  Ph>Y^OEt 

O n        UH aOAc 0 

109 15g 

Equation 48 

Another Lewis acid, boron trifluoride-diethyl etherate, was tried, but this 

modification provided less pure product than zinc chloride. The enol content 

of 10d is also higher than normal. The reaction of 10d with zinc chloride and 

p-NBSP was tried, but the enol content of 10d was not sufficient to afford 15d 

in good yields. The enol content as determined by 1H NMR was 12% which 

led to the formation of about 20% of 12d. It may be that the enolization is 

kinetically slow under the reaction conditions. 

One interesting property of compounds 15a-g is that slow hydration 

during storage occurs. Nosylates 15a and 15b hydrate the fastest while 15e 

and 15f show very little hydration even after prolonged storage. At first, this 

observation was viewed as a mere inconvenience, and the hydration was 

found to be reversible by heating the compounds to reflux in toluene with little 

degradation (Equation 49). Nosylate 15b had to be routinely dehydrated in 
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this manner. Of all of the hydrated compounds, only ethyl 3-[(p- 

nitrobenzenesu lfonyl)oxy]-2,2-dihydroxy-4-pheny Ibutanoate, 16b, was 

actually isolated. 

fa    O R2    o 

Nso"Y^3 ^=^ NsoOOoR3 

O HO    OH 

15 16 

t toluene 
A 

Equation 49 

Hydrate 16b was found to have a slightly higher melting point than the 

keto form, and it was only slightly soluble in CDCI3. While the complete *H 

NMR could be assigned in CDCI3 solution, acetone-dfc was required as the 

solvent for the 13C NMR assignment of 16b. In acetone-cfe, nearly all of the 

chemical shifts for protons and carbons in 16b were shifted relative to the 

unhydrated compound chemical shifts for 15b, so the concentration of the two 

species could be easily calculated from the integration of the proton signals. 

Comparison of the 13C NMR spectra of 15b and 16b showed the diagnostic 

loss of the ketone signal around 188 ppm and the identification of a new peak 

at 92 ppm, assigned as the gem diol carbon signal. The IR also shows the 

loss of the ketone stretch at 1724 cm-1 and the appearance of an O-H stretch 

at 3490 cm-1. In addition, the ester stretch shifts from 1766 cm-1 in 15b to 

1736 cm-1 in 16b. 
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Upon closer examination of the 'H NMR spectra of the crude products 

15a-g. it was clear that some of the hydrated form was present after isolation; 

thus, hydration must be occurring during the aqueous work-up. While 15b 

was hydrated to 16b to the extent of 25%, ketonosylates 15a. 15c, and 15g 

all contained about 10% of the carbonyl hydrate upon isolation (Table 6). 

More sterically hindered ß-nosyloxy-a-keto esters show less hydration; 15d 

showing less than 5% while 15e and 15f do not undergo appreciable 

hydration. The extent of hydration is probably an experimental artifact, which 

depends on the work-up procedure. For example, the amount of time that the 

product is exposed to aqueous conditions (i.e., extraction time) could be 

different for each individual reaction. The fact that fairly consistent amounts 

of hydration were obtained for each compound is indicative of the consistency 

of work-up. not to the establishment of equilibrium. 

Table 6. Percent Hydration of 3-[[(>Nitrophenyl)sulfonyl]oxy] 2-Keto 
Esters in CDCI3 after Isolation 

Product 

16a 

16b 

16c 

16d 

16e 

16f 

16g 

H 

CH2Ph 

n-pentyl 

CH, 

CH, 

-cyclohexyl- 

H 

H 

H 

EtOCO 

CH, 

Ph 

—3- 

Me 

Et 

Et 

Et 

Et 

Et 

Et 

Hvdration <%) 

10 

24 

13 

<5 

0 

0 

9 
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The fact that the hydration of 15a-g was slow when the nosylates were 

stored in the solid form caused the importance of this phenomena to be 

under-estimated. The hydration reaction was not an issue in dry organic 

solvents, but the hydration could compete with other carbonyl additions in a 

water soluble solvent. In order to determine extent of hydration at equilibrium, 

and consequently learn more about the chemistry of the carbonyl group of 3- 

[[(p-nitrophenyl)-sulfonyl]oxy] 2-keto esters, an equilibrium hydration of 15a-g 

was carried out as a 'H NMR study in acetone-dfe containing water. The intent 

of these experiments was not to measure rates of hydration but to determine 

relative rates and positions of the hydration equilibria. 

The experiments were done by taking a small amount (generally about 

50 mg) of 15a-g and dissolving it in dry acetone-cfe- The 'H and 13C spectra 

were recorded for each compound. A few drops of D2O was added (Equation 

50), and the spectra was taken at various time intervals until no further 

change in concentrations could be detected as determined by the integration 

of the *H spectra. Examination of the data (Table 7), shows that 15a, 15b, 

and 15g hydrate almost completely while 15c and 15d are 85% hydrated at 

equilibrium. In contrast, ionization (solvolysis) competes with hydration for the 

tertiary nosyloxy ketones 15e,f. Hydration of 15e is a faster process than 

ionization as evidenced by the fact 15e is converted to 16e (51%) after only 

15 minutes, but decomposition has also begun. After 12 hours, 15e has 

completely decomposed, and a mixture of unidentifiable products is obtained. 

No hydration for 15f is seen at all, since no 13C signal was detected in the 

region around 90-95 ppm (Equation 51), and only 38% conversion to the 
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solvolysis product, 17, is detected after 12 hours. Total decomposition of 15f 

has occurred after 48 hours. 

«2 

sKJL D,0 
«2    O 

NsO        J\ OR3 NsO' fc           OR; 3 
0 DO   OD 

15a-e,g 16a-e,g 

Equation 50 

Table 7. Hydration of 3-[[(p-Nitrophenyl)sulfonyl]oxy] 2-Keto Esters 
in acetone-dg 

Product R, R2 R3 

Hydratior 1     Time 
(min.) 

"C 
qem diol 

16a H H Me 99 15 92.4 

16b CH2Ph H Et 96 30 94.1 

16c n-pentyl H Et 86 240 94.2 
16d CH3 BOCO Et 84 120 92.2 

16e CH3 CH3 Et 60* 20 96.1 

16f -cyclohexyl- Et 0 

16g Ph H Et 97 45 94.5 

•decomposition product begins to appear after 15 minutes 

OV 
ONsO 

15f 

OEt   D2OorMeOH-d4       ^^Jl^OEt    +   others 

acetone-d6 

17 

Equation 51 
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4.2 Reactions of 3-[[(p-Nitrophenyl)Sulfonyl]Oxy] 2-Keto Esters 

The data clearly established that hydration of ß-nosyloxy-a-keto esters 

in water containing solvents occurs fairly rapidly and could significantly 

compete with other carbonyi addition reactions. On the other hand, the 

hydration of the nosylates stored as solids at -20 °C was less than 10% and 

was reversible. Before any reaction of any of the 3-[[(p-nitrophenyl)- 

sulfonyljoxy] 2-keto esters was attempted, a quick assay by 'H NMR was 

done to determine extent of hydration. If necessary, 15a-g were dehydrated 

in refluxing toluene. Nosylate 15b required this treatment virtually every time 

while the other compounds rarely required the dehydration step. This facile 

hydration of 3-[[(p-nitrophenyl)-sulfonyl]oxy] 2-keto esters indicated that these 

compounds might have some interesting and unusual chemical 

characteristics. Leaving the ester group untouched, chemical manipulations 

of the nosylate group and the carbonyi group were envisioned. 

The two general types of carbonyi chemistry are addition of a 

nucleophile to the carbonyi group and removal of a proton from the a-C 

(Rgure 7). Both processes arise from the electron deficiency of the carbonyi 

group. Attachment of an electron withdrawing group (the nosyloxy group) 

vicinal to the carbonyi group further activates both of these processes. To 

manipulate the chemistry to one of pathways, balancing of the reactivity of the 

reagents and the carbonyi must be achieved. It was envisioned that the 

ketone group of ß-nosyloxy-a-keto esters, 15, would easily undergo reactions 

involving nucleophiles and bases. Besides the potential carbonyi chemistry, 
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Figure 7. General Types of Carbonyl Chemistry 

substitution reactions at the ß C could also be envisioned due the excellent 

leaving group abilities of the nosylate group. Thus, these trifunctionalized 

compounds could potentially provide facile routes to other 1,2,3- 

trifunctionalized compounds by carbonyl chemistry and substitution processes 

without the need for undue protection schemes. 

One interesting sequence of reactions would involve a comparison of 

the reduction-substitution sequence versus the substitution-reduction 

sequence (Figure 8). The two different chemical sequences could potentially 

provide the same end-product, a ß-substituted-a-hydroxy ester, but the two 

products from the two sequences would be diastereomers of each other. This 

type of stereochemical control adds to the diversity of compounds accessible 

from ß-nosyloxy-ct-keto esters. The upper pathway (Figure 8) is the 

reduction-substitution sequence, and this pathway was attempted first. 
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reduction,*    R,^ "y" "OR3  \ substitution 
[HI/ OH X Nu: 
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ivju- reduction 
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N"       II 0R3 

Nu    O 
R 
pir >^ ^OR3 

OH 
V^K 

Target 

Rgure 8. Reduction-Substitution and Substitution-Reduction Schemes 

As discussed in the background, a very similar reaction sequence was 

seen in the reduction of 2-nosyloxy-3-keto esters in absolute ethanol at 0 °C 

(Equation 36) to give a ratio of syn: anti (2:1) of 3-hydroxy-2-nosyloxy esters. 

The success of the reduction of the 3-keto-2-nosyloxy esters prompted similar 

reaction conditions to be tried for 15b, but only a pale yellow solid that 

polymerized after initial isolation was obtained. Examination of the literature 

provided modified procedures. Different solvents, such as methanol1"«112-1" 

and methylene chloride,114 have been used with sodium borohydride, but the 

chosen procedure used a mixed solvent system of THRMeOH (99:1) at -78 

°C.11S These modified conditions were tried (Equation 52), and fair yields 

(Table 8) of methyl 3-[(p-nitrobenzenesulfonyl)-oxy]-2-hydroxy-propionate, 

18a. ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-4-phenylbutanoate, 18b, 
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and ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-4-octanoate. 18c were 

obtained. 

r.         P2        9 R2        O R'>Q                 NgBH4 R,0       II 
NS°        II       °R3        THRMeOH NsO^T^OR3 

O                      (99:1) OH 

Equation 52 

Table 8. Reduction of 3-[[(p-Nitrophenyl)-Sulfonyl]Oxy] 2-Keto Esters 
with Sodium Borohydride 

Prodi mf R. R. R Yield l*A 

42 18a H 

 2  

H 

 Qg  

Me 
18b CH2Ph H Et 84 

18c n-pentyl H Et 62 

Reduction of 18b and 18c could provide two possible diastereomers, 

syn and anti (Equation 53). If no selectivity in the addition of the hydride to 

the carbonyl is observed, then equal amounts of the two diastereomers would 

be seen. If the hydride addition undergoes selective addition, then the other 

extreme is observed, complete stereospecific reduction with only one of the 

two diastereomers detected. Although not anticipated, only one of the two 

possible diastereomers of 18b and 18c was obtained. Even though the 

reaction provided stereoselective reduction of 15b and 15c, one problem with 
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this synthesis was the fact the products were difficult to separate from 

unidentified side-products. It appeared that overreduction of the ester might 

have also occurred. Since the yields were not high and the purification was 

trouble-some, a milder reducing agent was sought. 

*-I   1 NS°V   U Ns0vH II 
O L    J HO   H HÖH 

15b'c syn-l8b,c anf/-i8b,c 

Equation 53 

Of the many choices of mild reducing agents available, sodium 

triacetoxyborohydride was chosen.H6.ii7.iia Reductions of 15a-d using 

sodium triacetoxyborohydride in THF (Equation 54) provided crude products 

that were much easier to isolate from reaction mixtures, and the yields (Table 

9) were improved for the reduction of 15a and 15c. Reactions were run at 

room temperature, generally overnight; colder reaction conditions (-78 °C) 

provided no reduction whatsoever. As with sodium borohydride, reduction of 

15b and 15c gave only one set of the diastereomers. while reduction of 15d 

afforded an almost equal, inseparable mixture of syn and anti diastereomers. 

«a    0 

NsO^y^ORa 

0 

NaBH(OAc)3 

THF 

"a    0 

NsO^f^OR 

OH 

15a-d 

Equation 54 

18a-d 
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Table 9. Reduction of 3-[[(p-Nitrophenyl)-Sulfony!]Oxy] 2-Keto Esters 
with Sodium Triacetoxyborohydride 

Pr^Ct 3, Ba Rz Yield (%) svnranti 

18a           H                 H                 Me 61              N/A 

18b            CH2Ph          H                   Et 77 100:0 

18c             n-pentyl         H                   Et 70 100:0 

18d            CH3               EtOCO          Et 81                55:45 

Although only small amounts of reduction products 18e-g were 

isolated, reduction of the ß-nosyloxy-a-keto esters, 15e-g, by sodium 

triacetoxyborohydride must have occurred as evidenced by the decomposition 

products isolated for these reductions. For example, reaction of 15f with 

sodium triacetoxyborohydride provided the cleanest reaction of these three, 

and the product isolated 2-carboethoxy-1-hydroxy-cyclohexene, 19, arises 

from elimination as well as reduction (Equation 55). Reduction of 15e gave a 

mixture of products including reduction product, 18e, but reduction of 1Sg 

appeared to produce self-condensation as evidenced by the large amount of 

phenyl protons in the 1H NMR. 

OVEt      ^^-     ^rVEt 
ONsO k^     O 

15f 19 

Equation 55 
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The reduced products 18a and 18b were stable, solids that could be 

purified by recrystallization. This was not the case for 18c and 18d which 

were collected as oils. Nosylates 18a-d were not stable to silica gel 

chromatography, due to the potential ring closure of 18a-d to give glycidic 

esters. 22, so purification by this method was not feasible. Fortunately, both 

18c and 18d could be purified by dissolving the crude mixture in a minimum 

of ethyl acetate, adding enough hexane to make the solution turn cloudy, and 

collecting the resulting oil. However, the diastereomers of 18d were 

inseparable by this technique. In order to separate the 18d diastereomers 

and also to investigate the possibility of enzymatic resolution of 18b and 18c, 

several hydroxyl protecting groups were investigated. 

Conversion of the hydroxyl group of 18b to the acetate ester with 

acetyl chloride119 in the presence of 4-dimethylaminopyridine, DMAP.^o 

afforded ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-acetoxy-4-phenylbutanoate, 

20b, as a crystalline solid (Equation 56). Only one attempt at enzymatic 

resolution with porcine pancreatic lipase121 was made, but the resolution was 

unsuccessful. Acetylation of 18d was achieved with similar results as 18b to 

provide 20d (Table 10). The acetylated diastereomers of 20d were 

successfully separated by HPLC to afford the diastereomers with little loss of 

either diastereomer. 

D       fc II 0 r, F2       O 

NsO^T^ORa    +    ci^\        pyridine* NsO^T"OR3 
0H                                         CH2CI2 OAc 

18b,d 20b,d 

Equation 56 
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Table 10. Protection of 18b and 18d with Acetyl Chloride 

 BlsdUSl B, a, a, Yields 

20b CH2Ph H Et 94 

20d CH3 EtOCO Et 61 

Protection of the hydroxyl group as an acetate ester facilitated the 

separation of 18d since almost a 1:1 ratio of the syn and anti were produced. 

The question of which diastereomer, syn or anti, was formed in the 

diastereospecific reduction of 15b and 15c still remained. As discussed 

earlier, the diastereoselectivity of the reduction of 15b and 15c by sodium 

triacetoxyborohydride gave a single diastereomer of 18b and 18c (Equation 

53). Even if both diastereomers had been produced, it is often difficult to a 

priori assign syn and anti by chemical shifts and/or coupling constants, since 

these values tend to vary in an unsystematic fashion. 

A similar problem was faced in the reduction of 3-keto-2-nosyloxy 

esters to 3-hydroxy-2-nosyloxy esters, 21, discussed earlier (Equation 36),91 

and in that case, intramolecular ring closing of 21 to provide c/s-glycidic 

esters, 22, was used to determine the diastereomer composition (Equation 

57). The eis and the trans glycidic esters have unambiguous chemical shifts 

H      O 
Rl>kAnD TEA H    OH 

HO    j    OR3       *►       Y-V 
6Ns CH3CN      R/   \O2R3 

syn, anW-21 els, trans-22 

Equation 57 
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and coupling constants of the C2 proton, and these can be used to determine 

the stereochemical identity of the reduction products. 

Ring closure of 18b and 18c to afford glycidic esters, 22, was achieved 

by treatment with potassium carbonate67 in absolute ethanol (Equation 58). 

Other reaction conditions52-91 have been utilized, but the above conditions 

were found to give the least epimerization. Therefore, 18b and 18c were 

dissolved in absolute ethanol and powdered potassium carbonate was added, 

and after purification by preparative thin layer chromatography, glycidic esters 

were obtained in good yields (Table 11). In both cases, the 1H NMR spectral 

data was consistent with the coupling constants and chemical shifts of eis 

glycidic esters, so ring closure of 18b and 18c afforded c/s-22 (Equation 58). 

The spectral data for öans-22b49 and traiis-22c" have been reported, and 

the spectral data obtained for the ring closure of 18b and 18c does not match 

the spectral data reported for either of the trans isomers. 

H      O 
R,XAno K2COa Rw, ,0 ,P02Et 

NsO       T       0R3 
OH Et0H H H 

syn-18b,c c/s-22b,c 

Equation 58 

Table 11. Ring Closure of 18b and 18c 

 BlQdUSl R, R. Ytelrt (%) 8 (J. Hz^ 

22b CH2Ph H 77 3.58(4.8) 

22c n-pentyl H 45 3.52(3.2) 
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Careful drying of the preparative thin layer chromatography plate was 

required, because it was found for 22c that water adsorbed to the plate 

caused ring opening to give the 2,3-dihydroxy ester, 23 (Equation 59). Ring 

opening must have occurred with epimerization at C2 and C3, since 23 was 

isolated as a mixture of syn and ant!diastereomers. 

H,,°v,H 

OH 

syn,anti-2Z 

To confirm the os-assignment of 22b and 22c, NOE experiments were 

done as previously described for the silyi enol ethers. These NOE 

experiments confirmed the eis geometry. The 7^ analysis for the C2 protons 

for 22b showed that this proton relaxed in less than 4 seconds when the 

sample was not deoxygenated and relaxed in 7 seconds after the sample was 

subjected to deoxygenation. To further test the necessity of deoxygenation, 

the manual NOE experiment was done without prior deoxygenation. No 

useful NOE enhancements were seen. The more sensitive cycledof NOE 

experiment showed small NOE's with the oxygenated sample. 

Deoxygenation appears to make a rather substantial difference. When the C2 

proton of 22b was irradiated, the C3 proton showed a 20% enhancement, and 

when the C3 proton was irradiated the C2 proton was enhanced by 29% 

(Figure 9). Similar results were found for 22c. 
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20% 32% 

V29%\^ /^33%^ 

C°2Et C02Et 
e;s-22b C/S-22C 

Figure 9. NOE Enhancements of c/s-22b and c/s-22c 

The reductions of 15 with hydride reducing agents were more 

problematic than expected. Only when R2 was a proton or a carboethoxy 

group did the reduction work well. The fact that ß-nosyloxy-a-hydroxy esters, 

18b and 18c. readily undergo ring closure with base suggests that further 

reactions of reduction products 18a-d with basic nucleophiles would also give 

glycidic esters instead of substitution. The reduction-substitution scheme will 

not work as hoped (Figure 8), so the substitution-reduction sequence was 

investigated next. 

Since most common and dominant functional groups contain nitrogen, 

reactions of (J-nosyloxy-cc-keto esters with amine nucleophiles were tried. The 

reaction of 15b with benzylamine and pyrrolidine only gave complex product 

mixtures; however, reaction of 15b with morpholine gave an isolable product, 

ethyl 3-morpholino-3-phenyl-2-oxo-butanoate, 24, in fairly good yields 

(Equation 60). Best results were obtained by dissolving 15b in dry 

acetonitrile, adding morpholine, and allowing the mixture to stir for 12 hours at 

0 °C. The product was not pure and was unstable to chromatography or any 

other type of purification process. Other 3-[[(p-nitrophenyl)-sulfonyl]oxy] 2- 

keto esters were tried. The reaction of 15g with morpholine provided a 
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product with a strong stretch at 1636 cm-', but no ketone stretch was 

observed. The reaction of 15a with morpholine immediately afforded a 

precipitate and a complex product mixture upon work-up. 

o ONs O \j-^  0 

O >T 81% 
OEt 

O 

15b H 24 

Equation 60 

Since 24 couldn't be purified by normal methods, subsequent reduction 

with sodium borohydride gave a more stable product, ethyl 4-phenyl-3- 

morpholino-2-hydroxy butanoate, 25, albeit in low yields (Equation 61). No 

attempts were made to optimize the yields of this reaction, since the 

substitution reaction had such limited scope. 

V o NaBH- S-J 
If     0Et (99:1). 33% V^-s^( 

O 

OEt 

24 25 
Equation 61 

Nucleophilic substitution of 15b with amine nucleophiles appeared to 

be complicated by the competition of base promoted chemistry, so to 

81 



understand more about the carbonyl reactivity of the ß-nosyloxy-a-keto 

esters, the base promoted chemistry was investigated. As previously 

discussed (Equation 31), a-nosyloxy ketones undergo base promoted 

chemistry with the non-nucleophilic base, 1,8-diazabicyclo[5.4.0]-undec-7- 

ene, DBU.83 Treatment of a-nosyloxy ketones, 26. with DBU (Equation 62) 

affords the a-hydroxy-a-p-(nitrophenyl) ketone, 27. 

OÖ« 
Jl    OS02-^    y-H02    DBU 

26 27 

Equation 62 

When 15b was treated with DBU, the reaction immediately turned dark 

orange, a gas was evolved, and a complex product mixture was produced. It 

was thought that the gas evolved might contain carbon dioxide. Trapping the 

carbon dioxide with phenyl Grignard reagent would provide the corresponding 

benzoic acid. However, no carboxylic acid was detected upon hydrolytic 

work-up of the Grignard reagent. 

One other 3-[[(p-nitrophenyl)-sulfonyi]oxy 2- keto ester was reacted 

with DBU. The reaction of 15d with DBU produced some interesting results. 

When DBU is added to a solution of 15d in acetonitrile, the reaction turns 

yellow immediately with bubbles forming after 10 minutes, and after 2 hours, 

the amount of bubbles had slowed. The reaction was allowed to stir another 

18 hours. Efforts to determine the identity of the gas by reaction with phenyl 
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Grignard reagent also failed. After aqueous work-up, two products were 

identified (Equation 63). As with the a-nosyloxy ketones," the major product 

was the ipso substitution product, ethyl 2-hydroxy-2-(p-nitrophenyl)- 

propanoate, 28. produced in 36% yield. The other compound identified in the 

by-product mixture was ethyl 2-[(p-nitrobenzenesulfonyl)oxy]propanoate,80 

29, isolated in 27% yield. The origins of 28 and 29 will be discussed later. 

MM n ° 

NsO    Meg CH3CN J^OH BO ^ 

I5d 29 

other(s) 

Equation 63 

Although the base-promoted chemistry of 15d with DBU gave very 

unusual rearrangement products, other examples of 15 gave intractable 

product mixtures with DBU. Moreover, it appeared that other amines which 

were employed as nucleophiles when reacted with 15b, reacted as bases as 

well. Apparently, base-promoted decomposition of 15 is faster than 

nucleophilic substitution. Since the carbonyl reactivity of nosylate 15 was 

greater than expected, it was decided at this point to investigate the reactions 

of one of the 3-[[(p-nitrophenyl)-sulfonylIoxy] 2-keto esters, 15b, to discover 

what general chemical processes might be feasible and what other routes to 

1,2,3-trifunctionalized products might be discovered. 
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Although limited success was achieved with amine nucleophiles, less 

basic amine equivalents could be used to continue the study of the 

substitution-reduction sequence (Figure 8). One particularly interesting 

amine-equivalent nucleophile is the azide ion. The azide ion can be easily 

reduced by hydrogenation, lithium aluminum hydride, and the Staudinger 

reaction to afford amines.122 Probably the most common synthesis of azides 

involves the nucleophilic substitution of halides by azide ion, typically in 

dimethylformamide and dimethylsulfoxide. Reaction of 15b with sodium azide 

in dimethylsulfoxide provided a complex mixture of products. Recent reports 

from this laboratory,84 utilized sodium azide in acetone to replace the nosylate 

group in simple a-nosyloxy ketones. Although the solubility of sodium azide 

in acetone is not as high as in dimethylsulfoxide or dimethylformamide, the 

concentration of azide ion is sufficiently high to provide substitution of the 

nosylate group. In addition, dimethylformamide and dimethylsulfoxide are 

often difficult solvents to remove; thus, a procedure using acetone as solvent 

has some definite experimental benefits. The reaction of 15b with sodium 

azide in acetone was investigated. 

The reaction of 15b with sodium azide in acetone provided 16b, the 

hydrated gem diol, as the only isolable product. Evidently, water present in 

the reaction mixture attacked the carbonyl faster than the azide ion displaced 

the nosylate. This result was a clear indication of how electrophilic the ketone 

carbonyl of 15b was. Even though attack by water was faster, it was possible 

that azide ion could still undergo substitution of the nosylate group in the gem 

diol, 16b. The reaction was repeated with 16b, however, no substitution was 

observed after several days, presumably because the hydration product is 
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structurally is similar to a neopentyl nosylate, and the substitution would be 

sterically retarded. The acetone was scrupulously dried, and the reaction was 

repeated to provide 3-azido-2-oxo-4-phenyl butanoate, 30b, in 77% yield 

(Equation 64). 

O 

Ph vSr .OEt NaN3 ^   rh—^ JL ^OEt decomposition 
1     11 
ONs 0 acetone                J,      J[                23 h 

7h,77%                  N3     ° 

15b 30b 

Equation 64 

The yields in the reaction of 15b with azide ion in dry acetone were 

sometimes inconsistent, so a Hi NMR experiment was used to monitor the 

course of the reaction. The reaction was repeated at -78 °C, and after one 

hour, the i\i NMR showed no reaction whatsoever. The reaction was allowed 

to warm to 0 °C over an hour period, but the reaction was still sluggish. The 

reaction was allowed to gradually warm to room temperature during the next 

three hours. After a total of four hours, the product conversion was 53%, and 

after seven hours, there was 77% conversion to product. After eleven hours, 

no starting material remained, but the product was showing signs of 

decomposition. After twenty-three hours, virtually no product could be 

detected. From this experiment, it can be seen that 30b is not very stable, but 

it could be used effectively without purification as a synthetic intermediate 

under the proper reaction conditions. Therefore, it appeared that azide ion 

was a viable alternative for the required nucleophilic amine equivalent in the 

substitution-reduction sequence (Figure 8). 
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Once the chemical characteristics and experimental difficulties in the 

production of 30b were determined, the reduction step in the substitution- 

reduction (Figure 8) sequence was carried out. Crude 30b was prepared and 

was dissolved in THRMeOH (99:1) at -78 °C. and sodium borohydride was 

added. The reduction of the carbonyl group worked well (90%) and ethyl 3- 

azido-2-hydroxy-4-phenylbutanoate, 31b, as a mixture of syn:anti 

diastereomers in a ratio of 76%:24% was produced (Equation 65). 

Bn 
j? OH QH 

^JJyXEt    NaBH4   ^      Bn^A^OEt   +   Bn^A^OB 
I       lX THF/MeOH *      J[ {      | 

3     ° (99:1) N3    ° N3     ° 

30b syn-31b an f/-31b 
76% 24% 

Equation 65 

The assignment of syn and anti isomers was determined by 

comparison to the product obtained from the revised reduction-protection- 

substitution sequence (Figure 10) described later. Confirmation of the 

assignment of the diastereomers was obtained from the published results for 

the preparation of anf/-31b.« As described earlier (Equation 16), ring 

opening of frans-glycidic esters with sodium azide provided a mixture of the 

two regioisomeric anf*-3-azido-2-hydroxy esters. antf-31, and antf-3-hydroxy- 

2-azido-esters, anfA32, (Equation 66). The C3 proton for antf-31b is reported 

to be buried under the quartet of the ethoxy methylene group at 3.9-4.3 ppm, 

and the signal for the C2 proton is doublet at 3.7 ppm (no coupling constant 

reported).49 In comparison, syn-31b prepared from the reduction of 30b 
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(Equation 65), produced a *H NMR spectra with the C3 proton as a multiplet 

at 3.72-3.81 ppm. and the signal for the C2 proton was a doublet at 4.11 ppm 

(J = 2.0Hz). 

O                                                        ?H ^ 
R^iX^OR'    NaN3, N^CI^    R^>L     OR  + R^X^OR 

O                 R'0H                  N3     O ÖH    O 

anf/-31 anti-32 

Equation 66 

The ring opening reaction of other frans-glycidic esters with sodium 

azide has also been reported (Equation 66). If R was a phenyl group, then 

ring opening nucleophilic attack by azide occurs only at C3, and consequently, 

only antf-31 was produced.49 Since a mixture of the two regioisomeric 

products was not produced and R = Ph, the 'H NMR spectra acquired for 

these compounds was greatly simplified. The coupling constants for the C3 

proton for the anf/-31 was found to be 4.5 Hz. In contrast, most reports for 

the azide ion ring opening of the c/s-glycidic ester where R = Ph are for the 

preparation of taxol.5152 The coupling constants found for (2R3S)-(+)-methyl 

3-azido-2-hydroxy-3-phenyl-propionate for the C3 is 2.7 Hz. Therefore, when 

R = Ph, the C3 coupling constant for the anfA31 (J= 4.5 Hz) is much greater 

than the C3 coupling constant for the syo-31 (J=2.7 Hz). 

The same type of relationship between a-azido alcohols is found for 

32, the ß-hydroxy-a-azido esters. More data has been acquired for this 

1,2,3-trifunctional array. The anti isomer of 32 has been found to have 

coupling constants typically in the range of 5.6-6.4 Hz^ and the syn isomer 
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of 32 have been reported to have coupling constants in the range of 3.8-4.0 

H2.i23.i24 |ror botn regi0[somers 3i and 32 the coupiing constant for the ant! 

isomer appears to be larger than the coupling constant for the syn isomer. In 

summary, this preparation of 3-azido-2-hydroxy esters utilizes the substitution 

for nosylate by azide ion followed by reduction of the carbonyl group. This 

sequence, substitution-reduction sequence (Figure 8), provided the 3-azido-2- 

hydroxy esters in 62% overall yield in a syn:anti ratio of 74:26. For 

comparison, an alternate process for the production of 3-azido-2-hydroxy 

esters would use first, a reduction of the carbonyl group and then substitution 

of the nosylate by azide ion, a so-called reduction substitution sequence. 

The first step in reduction-substitution sequence (Figure 8). the 

reduction of ethyl 3-[(p-nitrobenzenesulfonyl}oxyJ-2-oxo-4-phenyl butanoate, 

15b, provided exclusively syn-iBb. As was stated earlier, it was thought that 

reaction of 18 with basic nitrogen containing nucleophiles, such as amines, 

would cause ring closure to glycidic esters, 22. Therefore, it was anticipated 

that the substitution by the less basic azide ion would occur by a Sw2 process, 

and inversion at C3 would provide antf-ethyl 3-azido-2-hydroxy-4- 

phenylbutanoate, anf/-31b. A very similar type of manipulation was 

successfully used in the reaction of ß-hydroxy-a-nosyloxy esters with sodium 

azide (Equation 38).9i Using traditional conditions for the substitution, syn- 

18b was dissolved in dimethyl-sulfoxide, and sodium azide was added. The 

reaction turned orange immediately, and the reaction was allowed to stir at 55 

°C for 23 hours. After aqueous work-up, no substitution was obtained; the eis 

glycidic ester, c/s-22b, was obtained in 93% yield (Equation 67). Even 

sodium azide was a sufficiently strong base to cause ring closure. In fact, the 
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yield and purity of the c/s-22b was better than when ring closure was initiated 

with potassium carbonate was used. 

OH 
Bn^ X ^OEt vY 

NaN3 .. jT       N3    O 
DMSOy anti-Z 1 b 

O OH 
BnVY°Et  NaBH(0Ac)V  Bn^  X   „OB 

ONs O ™F 

15b 

H    O   H 

Bn        C02Et 

c/s-22b 
93% 

Equation 67 

There are two options for circumventing the ring closure. The first 

option would be to find another less basic amine-equivalent nucleophile. 

Since there are not many amine-equivalents less basic than azide ion, this is 

difficult. Therefore, the a second way to circumvent this problem is to protect 

the hydroxyl group of syn-18b. Unfortunately, the necessary protection step 

adds an additional two steps to the sequence (Figure 10), and the 

protection/deprotection steps contradict one of the original goals of this 

research. The reaction sequence has now become less efficient. However, 
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this transformation is required if the two reaction sequences are to be 

compared. Also, to complete the comparison, the same protection will be 

required of 31b, so protection of the hydroxyl group of syn-18b and 31b with 

ethyl chloroformate was investigated. The target compound, 34b, obtained 

from the reduction-protection-substitution scheme will be labeled as RPS, and 

34b obtained from the substitution-reduction-protection scheme will be 

labeled as SRP. 

ONs O 

18 

Reduction f 
NaBHOACal 

ONs 0 
R2 

nr X "OB 
O 

15 

^ 

Substitution! 
NaN3    I 

Rz    0 

Protection        ^ R. 
nr ^T "OB 

OH EtOCOCI 
^K 

Reduction 

OB NaBH*    , 
0 THF/MeOH 

ONs O 

Substitution 
NaN3 

Target 

Protection 
EtOCOCI 

Rz    O 

N
R?SA OEt 

OH 

30 31 

Figure 10. Revised Reduction and Substitution Schemes 
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The protection of syn-18b with ethyl choroformate was straightforward; 

syn-18b was dissolved in methylene chloride and ethyl chloroformate. DMAP, 

and pyridine were added (Equation 68). As before with the protection with 

acetyl chloride, best results were obtained from adding DMAP, and ethyl 3- 

[(p-nitrobenzenesulfonyl)]oxy]-2-carboethoxy-4-phenylbutanoate, syn-33b. 

was obtained as a crystalline solid in fair yields. The 50% yield reflects the 

yield of crystallized products, but the modest success of this reaction 

emphasizes the desire to avoid protection schemes when possible. 

ONs O 0 ONs O 

■H 0,      OE«     p,„*e T^OB 

O 

syn-18b syn-33b 

Equation 68 

The same reaction conditions were utilized for the protection of ethyl 3- 

azido-2-hydroxy-4-phenyl butanoate, 31b, with ethyl chloroformate. As was 

stated earlier, 31b was obtained from the reduction of ethyl 3-azido-2-oxo-4- 

phenyl butanoate, 30b, and sodium borohydride as a mixture of syn and anti 

diastereomers. Due to possible epimerization of C2 and C3, it was imperative 

that the protection scheme devised must not cause racemization of the 

diastereomers of 30b. The NMR coupling constants and chemical shifts 

observed would be diagnostic in determining the identity of the major fraction 

when compared with antf-34b-RPS obtained from the reduction-protection- 

substitution sequence. Luckily, the conditions chosen provided ethyl 3-azido- 
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2-carboethoxy-4-phenyibutanoate, 34b-SRP in 68% yield with retention of the 

syn:anti ratio, and no racemization was detected (Equation 69). 

r3    ff O N3    ° 
Ph-^-A)Et ♦ x    DMAP» Ph^sA 

Or     OEt   pyridine I QH Cl       OEt   pyridine 
68% 

OEt 
O^^OEt T 

O 

syn, anf/-31 b Syn, anti 34b-SRP 

Equation 69 

With the requisite syn-ethyl 3-[(p-nitrobenzenesulfonyl)]oxy]-2- 

carboethoxy-4-phenylbutanoate, sy/>33b, in hand, the substitution reaction 

with sodium azide was investigated. When syn-33b was dissolved in dry 

acetone, no reaction at all was detected, so the reaction was repeated using 

DMSO at 60 °C overnight. After aqueous work-up, three products were 

isolated (Equation 70). The major fraction of the mixture (47%) was antf-ethyl 

3-azido-2-carboethoxy-4-phenylbutanoate. antf-34b. Also isolated were the 

two. stereoisomeric elimination products ethyl 2-carboethoxy-3-ene-4-phenyl 

butyrate, 35, isolated as 41% of the mixture, and ethyl 2-carboethoxy-2-ene- 

4-phenyl butyrate, 36, isolated as 12% of the mixture. From the coupling 

constants for the alkene protons of 35. it was deduced that 35 has trans 

geometry. Although, a good separation of the three products was not 

achieved even after purification by silica chromatography. the products are 

easily discernible by 'H NMR. and total yields of each of the compounds 

based upon Hi NMR integration in the purified mixture were anfA34b-RPS 

(29%). 35 (36%). 36 (12%). 
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ONs O A (Q3     o H       O 

syn-33b anf/-34b-RPS 3 5 

47% 41% 

H   H    OC02Et 

+      Ph 

«I    o 
36 
12% 

Equation 70 

In summary, this preparation of 3-azido-2-carboethoxy esters utilizes 

the reduction-protection-substitution sequence (Figure 10). The total overall 

yield was not good and the extra protecting group step lowered the overall 

yield. In comparison, the substitution-reduction sequence did not require the 

extra protecting group and the protection was only done for the comparison of 

the reduction-protection-substitution sequence. Therefore, the substitution- 

reduction sequence is the better route to the ß-azido-a-hydroxy esters. It had 

been hoped that the reduction-substitution sequence would have provided 

useful amounts of the anf/'-ß-azido-cc-hydroxy esters and the substitution- 

reduction sequence would have provided the syn-ß-azido-a-hydroxy esters. 

This was not the case, since the ß-nosyloxy-a-keto esters are base sensitive. 

A different approach to the similar types of products through neutral or acid 

catalyzed condensation reactions was considered. 
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Early results of a reaction of another enol derivative of a-keto ester, 

10a, with p-NBSP led to the notion that condensation reactions could be 

useful processes of ß-nosyioxy-cc-keto esters. The enol derivative used in this 

reaction was methyl 2-acetamido acrylate, 37, and 37 was prepared by the 

condensation reaction of methyl pyruvate, 10a, with acetamide (Equation 

71)J25 Reaction of 37 with p-NBSP was predicted to afford 15a, but only 

N II NHAC 

X^OMe    +     ^NH2      p-TSA^     Hyl      OMe 

A toluene I       0 
CH3 

O H       O 
toluene 

A 
10a 37 

Equation 71 

vinyl nosylate, 38a, was isolated in low yields, 11-17% (Equation 72). 

Attempts to improve the yield of this reaction failed. The reaction was soon 

abandoned due to low yields of product and due to the preparation of other, 

more electron rich enol derivatives of a-keto esters. 

O 
„OMe 

NHAc 

H TY     + pNBSP 
ONs O 

15a 

H       O 

37 11-17% NHAc 
OMe 

NsO      O 

38a 
Equation 72 
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What was surprising about this experiment was the unusual stability of 

38a. After aqueous work-up, 38a was crystallized as a pale yellow solid with 

a fairly high melting point, and it could be stored for long periods of time 

without any sign of decomposition. If 38 could be obtained from another 

route, many unique transformations could be envisioned for 38. Although 

azide ion had worked as an amine equivalent, the search for other 

substitution processes was continued. The properties of 38a and the overall 

objectives of the research led to the idea of condensing nosylate, 15b, with an 

amide nucleophile with the hope that structures like 38 could be accessed. 

After initial dehydration of 15b with toluene reflux, methyl carbamate 

and an acid catalyst, p-toluenesulfonic acid monohydrate, were added to the 

reflux apparatus. The reaction was allowed to reflux for 48 hours, and after 

aqueous work-up, the crude spectra showed what appeared to be the desired 

vinyl nosylate, 38b (Equation 73). After careful fractionalization, the crude 

O 

CANH 

Bn^^-OEt 
O 

M ° TSA 40 

Bn^v^OEt   * MUX »    NsOMe+ or 
|       ff NH2     OMe    toluene        3g Q 

ONs 0 V      A A 
15b *\       MUA„ O^NH NHAc \—/ 

Bn^xjL^OEt Et°~"^       Bn 

NsO      O ° 
41 

38b 

Equation 73 
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mixture was separated into two components. Surprisingly, the first compound 

isolated was methyl 4-nitrobenzene sulfonate, 39, whose spectra and physical 

properties matched an authentic sample. The other compound was 

determined to be an oxazolone. but not enough spectral data was obtained to 

distinguish between the two regioisomers 4-carboethoxy-5-benzyl-2-[3HJ 

oxazolone, 40, or 4-benzyl-5-carboethoxy-2-[3H] oxazolone, 41. 

The amazing success of the reaction and the determination with methyl 

carbamate prompted work on the mechanism of the reaction. Another neutral 

nucleophile, acetamide, was utilized under the same reaction conditions, and 

another heterocycle, an oxazole, either 2-methyl-4-carboethoxy-5-benzyl 

oxazole. 42, or 2-methyl-4-benzyl-5-carboethoxy oxazole, 43, was obtained in 

good yields (Equation 74). 

Me Me 

BnvJl,OEt ft      P-TSA        (/Si (/Si 

o o 
15b 42 43 

Equation 74 

Examination of the literature'26 could not provide sufficient insight for 

discriminating between the two possible structures. Regioisomeric pairs of 

4,5-disubstituted oxazoles were inadequately characterized127-'28 to permit 

unambiguous identification of the oxazole structure. Only one compound, 4- 

carboethoxy-5-benzyl oxazole, 44, was found to have a similar structure.129 

Unfortunately, it's regioisomer, 4-benzyl-5-carboethoxy oxazole. 45, has not 
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been synthesized nor characterized. The data for 42 was consistent with that 

for 4-carboethoxy-5-benzyl oxazole, 44, but since the spectra for its 

regioisomer is not available, the structure assignment of 42 is tenuous. 

H H 

CAN (AN 

Bn 

44 45 

Bn 
0 

In the crude mixture, a small amount of a possible reaction 

intermediate was also detected, and it was hoped that the isolation and 

identification of this intermediate would allow positive identification of the 

oxazole regiochemistry. The reaction was repeated at lower temperatures 

and reduced times. When the reaction mixture was refluxed for four hours, 

there was 74% conversion to oxazole, and an intermediate was isolated in 

13% yield (Equation 75). Heating for four hours at 85 °C, led to the isolation 

O 
Bn 

XsT   re    H^OEI S„^OB 

15b 46 47 
lntermediate-1 lntermediate-2 

|-H20 

42 
Equation 75 
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of the intermediate in 64% yield. The identity of the intermediate was 

tentatively assigned as 2-metrtyl-2-hydroxy-4-carboethoxy-5-benzyl-3- 

oxazoline, 46. Also, a second intermediate was isolated in low yield and was 

tentatively assigned as 2-methyl-4-carboethoxy-4-hydroxy-5-benzyl-2- 

oxazoline, 47. 

Recently,130 a similar reaction of ethyl bromopyruvate with an amide, 

48, was reported (Equation 76). It was claimed the intermediate, 4- 

hydroxyoxazoline, 49, was formed, which upon dehydration afforded an 

oxazole, 50. The 4-hydroxyoxazoline, 49, described in that paper 

corresponds to intermediate-2.47 (Equation 75), but no spectral data was 

reported that would substantiate this structural assignment. 

TBDPSO^^^VNH2 TBDPSO^^Nr°v ,H 

O 
48 

+ 
THF.rt^ HO    y=.Q 

EtO 
O 49 

Br^A^OEt 
1TFAA, pyr. 

-H20 
0°C 

TBDPSO 

EtO 
50 

Equation 76 
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In order to assign structures for intermediates 46 and 47, it was 

speculated that reduction of 46 would give 2-methyl-2-hydroxy-4-carboethoxy- 

5-benzyloxazolidine, 51 (Equation 77), whereas reduction of 47 would give 2- 

methyl-4-hydroxy-4-carboethoxy-5-benzyloxazolidine, 52 (Equation 78). 

CH3vOH CH3     OH 

Bni> "*B"(°AS Bn4^ 
HV"°Et THF HY°& 

O O 

46 51 

Equation 77 

Compounds 51 and 52 can be differentiated easily by the 1H NMR. 

Compound 51 should have the C2 methyl signal as a singlet, whereas 52 

should have the C2 methyl split into a doublet by the C2 proton (which should 

also be a quartet). 

CH3 H    CH3 

0     N MaRHrnA^ CrSlH y,  0H NaBH(OAc)3>> \_Z^OH 
Bn      X^ THF Bn^~l 

O-^OEt CT^OEt 

47 52 

Equation 78 

The reaction of 15b with acetamide was repeated at 65 °C for 18 h, and the 

'H NMR of the crude product showed almost complete formation of 

intermediate-1. The crude product, without further purification, was reduced 
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with sodium triacetoxyborohydride to give a product mixture that appeared to 

be composed of two sets of diastereomers. The data clearly show, however, 

the C2 methyl signal to be a singlet. Therefore, the intermediate-1 must be 

structure 46 and not 47. 

In order to determine the regiochemistry of oxazole formation, acid 

catalyzed hydrolysis was investigated. The literature131-133-134 suggests 

hydrolytic ring cleavage of oxazoles can be accomplished by careful heating 

at 40-50 °C of the oxazole in a mixture of hydrochloric acid (3M) and ethanol. 

Prolonged heating or use of more concentrated hydrochloric acid (6M) and 

higher temperatures (90-95 °C) results in decarboxylation and a-amino ketone 

formation.13113* if the oxazole product was 42. then ring cleavage would 

afford the ethyl 2-acetamido-3-oxo-4-phenylbutanoate, 53 (Equation 79), and 

CH, 

A; o    o 

Ph OB      EtOH.H20~       CH3V^JH 

0  "N H+ 
Ph^   T   'OB 

o ö 
42 53 

Equation 79 

if the oxazole product was 43, then ring cleavage would afford ethyl 3- 

acetamido-2-oxo-4-phenyl butanoate, 54 (Equation 80). Compound 53 and 

54 are readily distinguishable by 1H NMR, since the benzylic signal in 53 

would be a singlet, while the benzylic signal in 54 would be part of an ABX 

spin system and produce a doublet of doublets for the diastereotopic protons. 
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CHS o 

cAl J^^YV^ EtO^/      \ ph       EtOH.H20 0    HN       CH3 

O 0 
43 54 

Equation 80 

The ring cleavage reaction was carried out, and the 'H NMR spectrum 

is consistent with the structure proposed for S3. Although the unprotected 

ethyl 3-oxo-4-phenyl-2-amino-butanoate131 and the methyl 3-oxo-4-phenyl-2- 

amino-butanoate'33 are known compounds, 53 is an unknown compound. 

However, the *H NMR and IR spectrum matched the ring cleavage product of 

a similar compound, ethyl 2-(p-ch!oro)phenylcarbamyl-3-oxobutenoate, 55.135 

The C2 proton for 55 is a doublet at 5.42 8, and the C2 proton in 53 is 5.35 5. 

The three carbonyl stretches in both compounds are also similar. The IR 

stretches for 55 are 1750,1730.1650 cm-1, and the IR stretches for 53 are 

1750, 1723, 1658 cm-1. Therefore, the oxazole regioisomer prepared from 

the reaction of 15b and acetamide must be 2-methy!-4-carboethoxy-5-benzyl 

oxazole, 42. 

u     u 

Me^'Y'uEt 
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As additional structure proof, the ring cleavage product, 53 was 

reduced with sodium borohydride to give ethyl 2-acetamido-3-hydroxy-4- 

phenyl butanoate, 56, (Equation 81). The reduction was attempted using 

sodium triacetoxyborohydride, but no reduction could be detected. This result 

further substantiates the assignment of the structure of the ring cleavage 

product to be 53, since the activated carbonyl of 54 would have been reduced 

with the sodium triacetoxyborohydride. 

0      0 OH   O 

Bn^Y^OEt NaBH<    » Bn^Y^0Et 

CH3VJ\JH THF/MeOH CH3VJVJH 
¥ 09: 1) T 
O O 

53 56 

Equation 81 

In summary (Equation 82), the intermediate isolated from the acid 

catalyzed reaction of 15b with acetamide was 46, and the carbonyl of 46 was 

found to be electron deficient, since sodium triacetoxyborohydride, a mild 

reducing agent easily reduces 46 to afford 51. If the reaction of 15b with 

acetamide was heated to reflux with azeotropic removal of water, then 

oxazole 42 was obtained in good yields. The structure of 42 was confirmed 

by the acid catalyzed hydrolysis of 42 to afford ß-keto-a-acetamido ester, 53. 

The carbonyl of 53 cannot be reduced by sodium triacetoxyborohydride, but 

53 did undergo reduction by sodium borohydride to afford a ß-hydroxy-a- 

acetamido ester, 56. 
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5. DISCUSSION 

5.1 Preparation of 3-[[(p-Nitrophenyl)Sulfonyl]Oxy] 2-Keto Esters 

The purpose of this research was to examine the synthetic utility of ß- 

nosy!oxy-a-keto esters as synthetic intermediates to other 1,2,3- 

trifunctionalized compounds. The project was divided into two phases. The 

first phase was the synthesis of ß-nosyloxy-a-keto esters. The preparation of 

ß-nosyloxy-a-keto esters required the electrophilic oxidative attachment of p- 

NBSP at the ß-position of a-keto esters. Some a-keto esters, 10a-g, were 

commercially available (Table 1). For a-keto esters that were not 

commercially available, the reaction of Grignard reagents, 9, and diethyl 

oxalate was found to be the most expedient route to a-keto esters (Equation 

41 ).9z The success of this general synthesis depended on the availability of 

the Grignard reagent, 9, and the ability to separate the a-keto ester product, 

10, from diethyl oxalate. 

The reaction is believed to occur by nucleophilic addition of the 

Grignard reagent. 9. to the diethyl oxalate to provide a tetrahedral 

intermediate, 57 (Equation 83).93 The ketone group of the a-keto ester is only 

revealed upon hydrolysis, so only one equivalent of Grignard reagent adds to 

the ketone carbonyl. In contrast, unfunctionalized esters react with Grignard 

reagents to provide a tetrahedral adduct that collapses to give the ketone, and 

since the ketone is more reactive than the ester, another equivalent of 

Grignard reagent adds to afford the tertiary alcohol. If the ester has an 

electron withdrawing group attached, as in diethyl oxalate or ethyl 

trifluoroacetate,97 the tetrahedral adduct is stabilized and collapse to the more 
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reactive ketone does not occur. In support of this mechanism, the initial 

tetrahedral adduct can be trapped with acetyl chloride.97 

O 
EtO, V^c OEt 

Ö o   ?      ?, „   H      O 

_   H EtO    OMgBr Q 

R,^MgBr 57 10 

Equation 83 

Another route to a-keto esters investigated briefly was a two carbon 

homologation of aldehydes (Equation 84) via a Horner-Emmons reaction.^ 

In this multi-step sequence, methyl glyoxylate, 58, is converted into a 

MeO >i 
(OH)2CHC02Me     1- (MeO)2POH^    Me0>y^02Me 

2. TcBOCCI; py H   OTcBOC 

58 59 

I 1. LiNTMS;, 
2. RCHO, <0°C 

O^OMe     ^I.Zndust OTcBOC 
JT 2. H20 r~\n w O 2 R      C02Me 

10 60 

Equation 84 
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phosphonoglycolate ester, by treatment with dimethylphosphite. The hydroxyl 

group of the phosphonoglycolate is protected with trichloro-f-butyloxy 

carbonate to give 59, and the anion of 59 undergoes Horner-Emmons 

reaction with an aldehyde to produce the enol ether of the cc-keto ester. 60. 

Finally, the protecting group is removed by treatment with zinc dust, and 

hydrolysis provides the cc-keto ester, 10. The starting material, methyl 

glyoxylate, 58, is prepared by cleavage of dimethyl tartrate with periodic acid 

(Equation 85).136 In our hands, the cleavage of dimethyl tartrate failed to 

deliver methyl glyoxylate reliably, possibly due to overaxidation. 

0      OH 

Me0^v\-0M6      H5'°6»       (OH)2CHC02Me 
OH    O stner 58 

Equation 85 

Other routes to a-keto esters not tried, but worth mentioning as 

possible alternative routes are oxidation of a-hydroxy esters.*5» reaction of 

organocadmium reagents with ethyl cyanoformate.94 oxidative hydrolysis of 

1,3-dithiane using NBS,95 osmium tetroxide catalyzed oxidation of 

trimethylsilyi acetylenes,"? and acid-catalyzed cleavage of a-acetylamino-a- 

methoxy esters and a-imino esters138 which are derived from readily 

available amino acids. Of these methods, the oxidation of a-hydroxy esters is 

probably the most straight-forward and highest-yielding preparation of a-keto 

esters. The only limitation to the oxidation method is the availability of the 

requisite a-hydroxy ester, but hundreds of the a-hydroxy acids are 

commercially available. 
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With the a-keto esters prepared, the carbon framework of the ß- 

nosyloxy-a-keto esters was established, and the oxidation of the ß-position of 

the a-keto ester could be examined. Since p-NBSP is an electrophilic 

oxidizing agent, the a-keto ester must function as a nucleophile, but a-keto 

esters are inherently electrophilic. Therefore, the reactivity of the a-keto ester 

had to be altered, and this was achieved by the transformation of the a-keto 

ester into the electron rich enol derivative. Two procedures were used to 

convert 10a-f into the corresponding silyl enol ethers, which differed with 

respect to the base required for proton removal (Equation 86). 

^      P9 RK       O® 
H       ♦    H 

Rf        C02R3 R/        C02R3 

E-enolate Z-enolate 

I TMSCI 
1  THF 

R2        OSiMe3 R.        OSiMe3 

R,'       C02R3 R/       C02R3 

E-Ha-f Z-1la-f 

Equation 86 

A structure dependent selection of the procedure was required. When R2 

was a proton orcarboethoxy group, then utilization of triethylamine/chloro- 

trimethylsilane method provided the silyl enol ethers in good to excellent 
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yields (Table 2). Unfortunately, the triethylamine/chlorotrimethylsilane method 

failed to deliver product in productive yields when both R, and R2 are alkyl 

groups. In these cases it was necessary to generate the enolate with 

potassium hydride and trap it with chlorotrimethylsilane. This procedure was 

effective for the preparation of 11e,f (Table 4). 

Attempts to develop a single general procedure for the preparation of 

trimethylsilyl enol ethers from a-keto esters were unsuccessful. As mentioned 

above, the Methylamine and chlorotrimethylsilane procedure does not 

succeed when Ri and R2 are both alkyl groups. Extension of the potassium 

hydride and chlorotrimethylsilane procedure to compounds where R2 is a 

proton (10c was tried) failed as well because of self-condensation (Equation 

87). Interestingly, the reaction does not stop at the ß-alkoxy ester, 61. 

?>   . ... ff   ^ ?, CH^OEt C^^lK WJ^ 

'To °Et 

fe5H~, C5H,f 

10c 

61 

OH 

G 
-EtO 

1 ^ 

Et02C-4-0 Et02C-4-0 

CsH,, C5Hn 

14 62 

Equation 87 
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Intramolecular attack by the alkoxide oxygen on the ester displaces ethoxide 

to give a lactone, 62, and 62 tautomerizes to the enol form, 14. Thus, the 

methods used to convert a-keto esters to the silyl enol ether derivatives are 

effective but must be selected to match the structure of the starting material. 

As previously shown (Equation 86), when the two R groups are not 

alike, as in 11b and 11c, then both of the Zand Eisomers of the silyl enol 

ether are possible. Unexpectedly, only a single stereoisomer, the Z isomer, 

was produced in the reaction of 10b and 10c with triethylamine and chloro- 

trimethylsilane. The stereoselectivity can be explained by the examination of 

the conformations of the a-keto ester and transition states leading to enolate 

formation. The dihedral angle between the two carbonyl groups in the a-keto 

ester is affected by their dipole moments and the steric bulk of the R groups 

attached to the ester and ketone. From IR and dipole measurements, it has 

been determined139 that the most stable conformation of an a-keto ester is 

that which has a dihedral angle between the two carbonyls of between 90 and 

160°. 

With the dihedral angle between the two carbonyl groups restricted to 

90 and 160°, the transition state leading to enolate formation can be seen as 

a planar structure where the base removes the proton perpendicular to the 

plane of the carbonyl bond (Figure 11).140 When R, is not the same as R2, 

there are two possible conformations A and B. Using the Cahn-lngold-Prelog 

nomenclature, Ri>R2, the Zenolate results from conformation A, and 

conformation B leads to the Eenolate. The two conformations differ in the 

orientation of Ri and R2 with respect to the esters group. The favored 

109 



conformation will depend upon the relative size difference of RT and R2 and 

the interaction of the ester group with Ri and R2. 

O^OR3 

H 

O^^ORa 

5" 

H 
i ■ 
i 

base 

conformation A 

R2    y^. 

Z-enolate 

OEt 

0^/0R3 

H 

1* 

O^^OR3 

H 
i ■ 
i 

base 

conformation B 

Ri       ,\—OEt 

E-enolate 

Figure 11. Conformations Leading to eis and trans Enolates of 10b,c 

While the geometry of the double bond is more easily seen (Figure 11), 

the two conformations, A and B, and their respective transition states that 

lead to the enolates are most easily seen by a Newman projection (Figure 

12). The lowest energy conformations are those in which the C-0 bond is 

eclipsed by either a C-C or a C-H bond.108 In conformation A, the C-0 bond 

is shown eclipsed by R1( and in conformation B, the C-0 bond is eclipsed by 
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R2. The gauche interaction between the carboethoxy group and the R group, 

either R, or R2. is key to understanding the stereoselectivity of the reaction. If 

Ri»R2, then the interaction of the carboethoxy group is smaller with R2. 

Therefore, conformer A is much more stable than conformer B, and the Z 

enolate will be preferentially formed. 

i* 

) 
Rg    J   *H",,"NV^ 

Cr^OEt } 

conformation A 

R2        V-00 

O 

Z-enolate 

PR, 

i* 

) 
R/T *H' N^ 
O^OEt ) 

conformation B 

0 

R/>-OEI 
O 

E-enolate 

Figure 12. Newman Projections of Conformation A and Conformation B 

With a source of trimethylsilyl enol ethers of a-keto esters developed, 

their conversion to ß-nosyloxy-a-keto esters was carried out. Silyl enol 

ethers, enol acetates, enamines are all thought to react with pNBSP by 

electrophilic attack of pNBSP on the electron rich carbon-carbon double 
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bond.76 For example, reaction of pNBSP with enol acetates. 63. gave 

oxonium ion, 64. Methanol, in the reaction mixture, traps 64 to afford a- 

nosyloxy ketones, 65 (Equation 88). Methanol was not found to undergo 

carbonyl addition to give 66.78 

'i        p-^ R,^^-R? + MeOAc 

j ONs' 

MeOH/       65 

q'        p MeOH       "i        J^"3 R, 

MeOH     Rr   '       * 
MeOT*3 

ONs 
66 

Equation 88 

Assuming a similar type of mechanism for the reaction of p-NBSP with 

11a-f, the oxonium ion, 67, would also be formed (Equation 89). Previous 

work suggested that methanol (or some other alcohol) was required for the 

success of the reaction;™^ for the reaction of p-NBSP with 11a-f, methanol 

was determined to be unnecessary. It is likely that in these systems the 

intermediate oxonium ion, 67, is much more electrophilic and reacts with the 

nosylate counterion to generate the ketone directly. Regardless of the 

intermediate, the reaction of trimethylsilyl enol ethers with 11a-f with p-NBSP 

112 



provides an effective preparation of ß-nosyloxy-a-keto esters 15a-f in good 

yields, and 15a-f can be easily purified and stored in the freezer without 

degradation. 

foSiMe3 /'©ONs 

Ra^Y0f'3 £^3 
H-\° M 

^>'o* til 
i 

,-\^>Y'0R3  +   NsOSiMe3 

R        ° 

ÖNs 0 

15 

Equation 89 

As was previously discussed (Equation 48),79 10g had sufficiently high 

enol content to react directly with the pNBSP in good yields. Zinc chloride 

was found to be an effective catalyst for this process, and it has been 

postulated that zinc chloride to aid in the reaction mechanism by coordinating 

with oxygens of the pNBSP (Figure 13).iaa The coordination of the zinc ion 

contributes to the success of the reaction in two ways. First, the solubility of 

the pNBSP is increased, and consequently, the concentration of p-NBSP in 

solution is increased. Second, the complexation of p-NBSP with the zinc ion 
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enhances the electrophilicity of the p-NBSP. so electrophilic addition of the 

double bond to the p-NBSP is faster at lower temperatures. The same type of 

effect may also be occurring in this situation of the reaction of 10g with p- 

NBSP. What is clear, is that the enol content of the cc-keto ester needs to be 

greater than 25% to insure that the bimolecular reaction of the enol with the 

pNBSP is faster than the competing decomposition reactions of pNBSP. 

Zn 

?       ° 
Ar v H U .Ar 

o    0-0    o 

Figure 13. Complexation of p-NBSP with Zn+2 

None of the ß-nosyloxy-a-keto esters were found to exist in the enol 

form. No extra peaks in the vinylic region in the *H NMR of 15a-g were 

observed, and only two carbonyls absorptions corresponding to the ketone 

and the ester were seen in the IR spectra. This result is somewhat surprising 

especially for 15g, since the parent a-keto ester 10g has such high enol 

content. It is evident that attachment of a ß-nosyloxy group destabilizes the 

enol form, as indicated by the 10g, 11g pair. This same preference for the 

keto tautomer was found for the isomeric ß-keto-a-nosyloxy esters,87 although 

the enol content of a-keto esters is generally lower than the enol content of ß- 

keto esters studied earlier. White an electron withdrawing group at the a- 

position of a ß-keto ester usually increases enolization, the lack of enolization 

of ß-keto-a-nosyloxy esters was explained by the ability of the nosyloxy group 

to donate electron density by resonance into the unsaturated system thereby 
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destabilizing the enol form.87 It is possible that the same electron donation by 

resonance at the ß-position suppresses enol formation in ß-nosyloxy-a-keto 

esters. 

Although 15a-g do not exist appreciably in the enol tautomer form, in 

contrast to other a-nosyloxy carbonyls prepared,76 most of these nosyloxy 

ketones do hydrate to give gem diols 16a-d,g. The susceptibility of 15a-d,g 

(Equation 49) to undergo hydration to 16a-d,g was not predicted to be an 

important consideration at the beginning of the project. The significance of 

the hydration was underestimated because only a small proportion of 15a-d,g 

was actually hydrated during the work-up to the 16a-d,g, the gem diol. 

Moreover, the hydration of solid samples of 15a-d,g stored in the freezer was 

very slow. Obviously, the addition of water to the carbonyl group could 

compete with other carbonyl group addition reactions and could affect 

substitution reactions at C3 of the ß-nosyloxy group as well. 

To determine how much the hydration might interfere with other 

carbonyl additions, a NMR hydration study of 15a-g was done in acetone-cfe 

with added D20. It was found that hydration was rapid, especially for 15a- 

d.g, the least sterically crowded substrates (Equation 90). This result is 

consistent with other reports that have found hydrate formation in general to 

be more affected by steric effects than electronic effects.'41 In all cases, the 

hydration of the carbonyl groups to the gem diol is followed by slow solvolytic 

decomposition. Since it is likely that there are small amounts of p-nitro- 

benzenesulfonic acid present, the decomposition could perhaps be acid 

catalyzed, but this is speculative. 
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FU &     O 
R,^J      II D20        RrJ    Jf 

NsO^f      OR3  ^=^   NsO^X^OR3 
slow 

0 DO   OD decomposition 

15 16 

Equation 90 

Hydration is not observed for tertiary nosylate 15f, since hydration is 

sterically slowed to the point that ionization of the nosylate group is the faster 

process. However, even the ionization is a relatively slow process, since after 

12 hours, only 38% of 15f has undergone elimination to provide 17 (Equation 

91). Compound 17 was clearly identified by examination of 1H and the 13C 

NMR spectra taken of the decomposing solution of 15f. After 48 hours, 15f 

had completely decomposed, and no identifiable products were found. Since 

15f is a tertiary nosylate, it is assumed that ionization to the tertiary 

carbocation, 68, takes place, and it is probable that loss of the nosyloxy group 

is dependent on the polar, protic solvent mixture used for the hydration 

studies. 

OB OEt 
NsO     0 0=3( 0=( 

1     11 acetone-dc ^O ©        .u+ /=0 

orMeOH-d, A-' ^ 
15f H 17 

Equation 91 
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Unlike, 15f, tertiary nosylate 15e undergoes both hydration and 

ionization (Equation 92). Hydration is slightly faster than ionization, and only 

the hydration product, 16e (51%), is seen after 15 minutes. Soon after, 

however, evidence of product decomposition is apparent, and complete 

decomposition is found after 12 hours. None of the decomposition products 

were identified, but by analogy to 15f, it is assumed that ionization has 

occurred to afford a tertiary carbocation, 69, that undergoes subsequent 

transformations. 

Me_      o Me OD 
Me^__^ p2o^ Me«s £-,0H 

NsO      >-OEt  
O 

15e 

-ONs 

57-r 
NsO       >-OB 

O 

16e 

J-< 
OEt other decomposition products 

Equation 92 

Only recently have studies1« of the hydration susceptibility of other 

electrophilic ketones been examined. For example, it has been demonstrated 

that ß-amino-a-keto esters.1«0 peptidyl fluoromethyl ketones57 and fluoro 

ketones.143-'« ß-fluoro-a-keto esters144 all are readily hydrated in aqueous 

systems. These electrophilic carbonyl compounds have been prepared and 
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tested as potential proteinase inhibitors. While ß-nosyloxy-a-keto esters 15 

are not expected to be potential proteinase inhibitors, the position of the 

hydration equilibrium could prove useful for comparison with other 

electrophilic carbonyl compounds prepared in the future. The relatively fast 

rate of hydration of 15a-g indicated that the carbonyl group of ß-nosyloxy-a- 

keto esters of 15a-g should undergo other carbonyl addition reactions readily. 

5.2 Reactions of 3-[[(p-Nitrophenyl)Sulfony!]Oxy 2-Keto Esters 

Reductions of the carbonyl group, although often considered as a 

separate type of carbonyl reaction, are in fact best described as addition of 

hydride to the carbonyl. The most common method for reduction of ketones 

is the use of sodium borohydride in ethanol. The reaction of 15b with sodium 

borohydride in absolute ethanol did not afford 18b as expected. After 

aqueous work-up. a pale yellow solid, which polymerized into second solid 

that was only soluble in acetone/water solution, was obtained. 

In light of the previous hydration experiments, it seems likely that 

carbonyl addition by ethanol may have competed with reduction of the 

carbonyl group (Equation 93). Ethanol may have added to the carbonyl group 

to give hemiketal. 70. and intramolecular displacement of the nosylate group 

would afford an a-ethoxy glycidic ester, 71. This same type of intramolecular 

displacement was seen previously in the reaction of a-nosyloxy ketones with 

methoxide (Equation 29).« Compound 71 would not be very stable and 

consequently could undergo ring opening. Many possible reaction pathways 
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could have occurred, such as reduction and hydrolysis, but most probably, the 

final product was composed of a significant proportion of oligomeric alcohols. 

NsO      O NsO*S   O -*vO 

O HO    OEt Bn     ^QEt 

15b 70 71 

"V     ?H   .reduction „ H°     ft 
polymeric •*  jr^S   **  ~*>^ J< 
products        "*    Bn       T ^hydrolysis    sn^^f^C 

OH OEt 
© 

Equation 93 

Sodium borohydride is widely regarded as unsuitable for reducing 

simple esters under normal reaction conditions, but certain conditions such as 

the presence of metal salts and high temperature or large excess of sodium 

borohydride in methanol can give reduction of the ester group.145 Recently, it 

has been reported that the slow addition of methanol to refluxing mixture of 

sodium borohydride and an ester in f-butanol gives alcohols in high yields.146 

Electrophilic, activated esters such as oxo and hydroxy esters, are easily 

reduced by sodium borohydride, and consequently, sodium borohydride has 

been described as a "nucleophilic" reducing agent114 since the ease of 

reduction is related to the electrophilicity of the carbonyl. For example, 

reaction of ethyl (2S,3S)-3-chloro-2-hydroxy-decanoate, 72, and sodium 
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borohydride for six hours at room temperature provided (2S,3fl)-3-chloro-1,2- 

decanediol, 73. in 90% yield (Equation 94)." Intramolecular ring closure of 73 

provided (2S,3)-2,3-epoxydecanol, 74 in 60% yield. Thus it is also possible 

that reduction of 15b to afford triols could have taken place as well. 

Cl     O 

"OEt 
OH 

NaBH4 

EtOH 
6h, RT OH 

72 73 

I NaOEt 
1 EtOH 

0  H 

74 

Equation 94 

The reduction of 15b with sodium borohydride possible failed due to 

the competing addition of solvent to the carbonyl group and due to the over- 

reduction of the ester group by sodium borohydride. In any case, this 

experiment exemplifies a common problem of 1,2,3-trifunctionalized 

molecules. While attempting to reduce the ketone, the adjacent ester group 

can, by its proximity, be reduced in a subsequent, intramolecular reaction; 

therefore, the normally reliable reduction of ketones using sodium borohydride 

in ethanol fails in the polyfunctional environment. As it appeared that 

reduction of the ester carbonyl was occurring as well as the ketone, selective 
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reduction of the ketone carbonyl by utilizing a milder reducing agent was 

investigated. 

The reactivity of sodium borohydride can be tempered by the addition 

of methanol. It has been postulated that the methanol reacts with sodium 

borohydride to form methyoxyborohydrides, which are more reactive as 

reducing agents then sodium borohydride itself (Equation 95).111-113 Careful 

addition of a slight excess of methanol produces a reactive reagent containing 

only about one equivalent of available hydride (NaBH(OMe)3). Since the 

reduction of the ketone group of 15b requires only a single equivalent of 

hydride, it was felt that conversion of sodium borohydride to a hydride limited 

reagent would be beneficial. 

NaBH4 +  n(MeOH)     »»    NaBH4.n(OMe)n    +    H2 

Equation 95 

The amount of methanol added is important, since addition of excess 

methanol to sodium borohydride causes the rapid loss of more than 80% of 

the available hydride.147 A different solvent system was required, and after 

examination of the literature, the mixed solvent system of THRMeOH (99:1) 

was chosen.115 The modified reducing agent gave much improved results for 

the reduction of 15b and 15c (Equation 52). and only fair results with 15a 

(Table 8). Although the results for the reductions were improved, this 

preparation still appeared to be too reactive for some of the more sensitive 

substrates. Thus, an even milder reducing agent that was suitable for a range 

of ß-nosyloxy-a-keto esters was sought. 
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Sodium triacetoxyborohydride is known to be a very mild reducing 

agent, and it can selectively reduce aldehydes in the presence of ketones.118 

The mildness of the reducing agent is explained by the electron withdrawing 

effect of the acetoxy groups as well as steric shielding of the B-H bond by the 

acetoxy groups.117 Reaction of sodium triacetoxy-borohydride with 15 a-d 

(Equation 54) gave reduction products 18a-d in good yields (Table 9). The ß- 

nosyloxy-a-hydroxy esters 18a and 18b were easy to purify by crystallization, 

but 18c and 18d were collected as oils. A less desirable, but effective method 

of purification for 18c and 18d was done by trituration of the crude oil. 

O OH 

15a-d 18a-d 

Equation 54 

Nosylates I5e-g also appeared to effectively undergo reduction, but 

the reduction products 18e-g were unstable and underwent further 

decomposition. Although reaction of 15g with sodium triacetoxyborohydride 

resulted in what appeared to be a reduced, self-condensation product, 

reduction of the tertiary nosylate 15f afforded only the eliminated reduction 

product. 19, (Equation 96). Reduction of 15f to afford 18f must have 

occurred, since 19 was obtained as the sole product. The nosylate group 

appears to be labile under these reaction conditions. 
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SyLfOB NaBH(OAc) 

ONsO THF 

OH 

15f 18f 

Equation 96 

19 

Reduction of 15e gave the reduction product. 18e, as part of a complex 

mixture (Equation 97). Although complete resolution of the mixture was not 

achieved, it was clear that subsequent reactions of 18e involved loss of the 

nosyloxy group. The elimination product, alkene 75, and the intramolecular 

substitution product, glycidic ester 22e. were present. Diol 76 was also part of 

the product mixture, and hydrolysis hydrolysis of either 18e or22e could have 

led to the formation of 76. 

O OH 
OEt NaBH(OAc)3 

ONs O 

15e 

OH 
BH(OA<\ yL,OB    -HONs    ,_^kr 

™F ONsO        (eliminator  T     g 

18e 75 

-HONs 
H20 

OEt 

-HONs 
(intramolecular 
substitution) 

(intermolecular 
^substitution) 

OH .OH OH 

O 

22e 
Equation 97 

OH    O 

76 
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The hydroxy nosylates 18a-d were not stable to silica gel chromato- 

graphy, and since 18d was an oil, no purification method could be found to 

separate the two sets of diastereomers. Protection of the reactive hydroxyl 

group was necessary to permit the separation by chromatography. Reaction 

of 18b and 18d with either acetyl chloride or ethyl chloroformate provided the 

acetate ester or carbonate ester in good to excellent yields (Equation 98). Of 

the two protection methods, the protection of the hydroxyl group as an acetate 

ester provided better yields. Fortunately, pyridine and DMAP required for the 

protection synthesis were not strong enough bases to cause elimination of the 

nosylate group, and the diastereomers of acetylated 18d were efficiently 

separated by HPLC. 

IT    ci p ~^^ Ns0 iT0Et 

18b and 18d P = Me. OEt 20b, 20d when P = Me 

22b when P = OEt 

Equation 98 

Although the reduction of 15d with sodium triacetoxyborohydride gave 

an (55:45) mixture of the syn and anf; diastereomers. the reductions of 15b 

and 15c with sodium borohydride and the sodium triacetoxyborohydride both 

gave a single diastereomer (Equation 99). The rate of reduction with sodium 

triacetoxyborohydride was significantly slower (overnight) than the rate of 

reduction with sodium borohydride (less than one hour). The triacetoxy 
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groups appear to retard reduction markedly, but they have little effect on the 

stereoselectivity of the reaction. 

RJ       9 NsO   H   O NsO    H   O 

0 [H1 HO   "H HÖH 

15b-d syn-18b-d anfM 8b-d 

Equation 99 

Reduction of a similar functional array, ß-bromo-a-keto esters, has also 

been studied.69 Although the authors did not report the syn to anti ratio, the 

reduction of ß-bromo-a-keto ester. 77, with sodium borohydride in ethanol at 0 

"C provided the ß-bromo-a-hydroxy ester, 78. as a mixture of diastereomers 

(Equation 100). Clearly, the reduction of ß-nosy!oxy-a-keto esters (Equation 

99) is more diastereoselective than the reduction of ß-bromo-a-keto esters 

(Equation 100). This illustrates the simplified chemistry of the nosyloxy group 

in comparison to halogen leaving groups. Although the reduction of 15b and 

15c was highly diastereoselective, it was not possible to assign the 

MeOv ^0 MeO     Q 

MeO MeO 

77 78 

Equation 100 

OMe 
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stereochemistry of the reduced product solely on the basis of coupling 

constants and chemical shifts. Ring closure to glycidic esters, which have 

distinctive chemical shifts and coupling constants, was viewed as a viable 

method for determination of the stereochemistry of the reductions. 

Only one example of similar a ß-chloro-cc-hydroxy ester base-promoted 

ring closure has been reported.44 The chlorohydrins were prepared by the 

enzymatic reduction of ß-chloro-a-keto esters, 79, to afford a mixture of the 

anti(2S.3R) and syn(2S,3S) ß-chloro-cc-hydroxy esters, 80 (Equation 101). 

These biological reductions provide an almost equal mixture of the syn and 

the anti products when two chiral centers are produced.43 Treatment of the 

mixture of syn and anf/ß-hydroxy-a-chloro esters. 80, with sodium ethoxide in 

ethanol provided the antf-glycidic esters. The ring closure for ß-hydroxy-a- 

chloro esters is not stereoselective, and epimerization causes the trans 

glycidic ester to predominate regardless of the initial syn to anti ratio. 

0 OH OH 
Ri Yx°R2 bakers'yeast> R' Vr0Ra + Ri->^v0R2 

Cl    O Cl    O <§,    o 
79 syn-80 anW-80 

I NaOEt 
EtOH 

Rv. P. H 

H       >-OR, 
O 

trans-22 

Equation 101 
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Epimerization was also observed for the ring closure of a mixture of 

syn and anf/ß-hydroxy-a-chloro esters to afford predominately frans-22.39« 

In fact, pure syn-ß-hydroxy-a-chloro ester. 81, was converted in 74% yield to 

a mixture of mostly the frans glycidic ester, frans-82, a trace of the eis glycidic 

ester, cis-82, and minor amount (4%) of the elimination product, 83 (Equation 

102).38 The same authors also found, however, that the bromo analog to 

81,syn-ß-hydroxy-a-bromo ester, undergoes stereospecific base-promoted 

ring closure to afford only cis-82 (Equation 12). Similarly, ring closure of ß- 

hydroxy-a-tosyloxy esters with potassium carbonate in wet DMF was reported 

to afford stereospecific ring closure.52 Other workers have not been able to 

verify the stereospecificity of ring closure with the potassium carbonate in wet 

DMF method.91 Clearly, chlorohydrins. no matter the regiochemistry or the 

cyclization conditions, epimerize to give the frans glycidic esters. Ring 

closure using more reactive leaving groups, such as bromide and tosylate, 

V 
i    O      OH OBn 

X        Cl      ' ™F H)—     Bn°   x- O -78°C-^RT H       / xo 

81 trans-8 2 cis-82 
(ma[or) (minor) 

.0 
BnO-Y       H 

83 

Equation 102 
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afford glycidic esters stereospecifically, so long as the proper conditions are 

utilized. 

In order to assign the stereochemistry of the reduction products 18b 

and 18c. no epimerization of the starting material, 18b and 18c, can occur 

during ring closure. Sharpless found that potassium carbonate in ethanol is a 

superior reagent for this purpose,67 and the stereoselectivity of the ring 

closure is high with these reagents. Ring closure of the syn or anti isomers of 

ß-nosyloxy-a-hydroxy esters, 18b and 18c, was expected to occur without 

loss of stereochemical integrity. Consequently, syn -18b and syn-18c ß- 

nosyloxy-a-hydroxy esters give eis glycidic esters, e/s-22b and c/s-22c 

HO H /"© 

NSC/*    8 BOH        Ns^HEt R/-\ 02B 

ayn-Ub.e c/s.22b,c 

Equation 103 

(Equation 103), and antf-18b and anMBc ß-nosyloxy-a-hydroxy esters 

afford trans glycidic esters, frans-22b and trans-22c (Equation 104). 

-ONs^   Ry\P\^ 

NsO H    O r& 

H   "ÖH El0H     NsO;    &£B H        0O2Et 

an«-18b,c trans-22b,c 

Equation 104 
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Reported chemical shifts38"40-43'44 for the C2 proton of eis glycidic 

esters are 3.4-3.75 and chemical shifts for the C2 proton of trans glycidic 

esters are 3.2-3.58. Typical coupling constants for the C2 and C3 protons of 

eis glycidic esters are around 4.6 Hz, and coupling constants for the trans 

glycidic esters are around 1.8 Hz. When 18b and 18c were converted to 

glycidic esters 22b and 22c by potassium carbonate in ethanol, the 1H NMR 

spectra indicate that they are both the eis isomers. Consequently, 18b and 

18c were both the syn diastereomers; thus, reduction of 15b and 15c is syn 

diastereoselective. No epimerization was observed with the reagents 

employed. 

Although, other general methods for the preparation of glycidic esters, 

such as the Darzen's synthesis36*38 and use of the Sharpless asymmetric 

epoxidation,49"51 are well developed and are efficient synthetic routes to these 

compounds, the ring closure of 18b and 18c to glycidic esters offers a special 

diversity of synthetic strategy. The pK^ of the C2 O-H proton of the f> 

nosyloxy-cc-hydroxy esters is estimated to be about 11-12.67 Therefore, if the 

ring closure reaction was required in a synthetic strategy, the ring closure 

could be achieved stereoselectively even in the presence of other hydroxy 

groups in the molecule. Also, prior protection of the other hydroxyl groups 

would be unnecessary due to the enhanced reactivity of the C2 hydroxy 

group. 

One model used for the explanation of the stereochemical course of 

1,2-asymmetric addition reactions of ketones with metal hydride reagents is 

Cram's model (Figure 14).148 In this model, the nucleophile approaches the 

eclipsed conformation of the carbonyl compound from the least hindered side 
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o 
Rs^tlvRM 

H H 

favored unfavored 

Figure 14. Cram's Open Chain Model for Asymmetric Induction 

of the carbonyl group. Applied to the borohydride reduction of ß-nosyloxy-a- 

keto esters 15b and 15c, this model predicts that the antf-diastereomer 

should be favored (Equation 105). In fact, the syn-diastereomer is the major 

product; therefore, Cram's model is inconsistent with the observed results and 

doesn't predict the proper stereochemistry. 

15b anf/-l8b 

Equation 105 

Another model used to explain the stereochemical course of addition to 

ketones is the Felkin-Anh model.149-150 This model assumes that the 

transition state is reactant-like, and that the more important transition state 

interactions occur between the entering group and the achiral group attached 

to the carbonyl group. The premises of the Felkin-Anh model lead to a 
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transition state where the entering group approaches antiperiplanar to one of 

the substituents bound to the asymmetric center.151 

For the reductions of 15b and 15c, there are four possible conformers 

A, B, C, D in which either the nosylate group or the R group is antiperiplanar 

to the carbonyl rc-system (Figure 15). The R group is antiperiplanar to the 

carbonyl jr-system in conformers A and B, and in conformations C and D, the 

nosylate group is antiperiplanar to the carbonyl rc-system. Of these four, 

conformers B and D can be removed from consideration because steric 

O v    ONs *-lk 
0 0 0 

C02Et ^C02Et C02Et COaErr 

A B c D 

Rgure 15. Possible Felkin-Anh Conformers for Reduction of 15b,c 

repulsions between the nosylate group and the ester group in conformer B 

and between the benzyl group and the ester group in conformer D raises the 

relative energies of conformers B and D relative to conformers A and C. This 

leaves conformers A and C as the most likely reactive conformers (Rgure 

16). Addition of hydride to conformer A leads to the anfi-18, and addition to 

conformer C leads to syn-18. 

Two opposing effects, steric and electronic effect, determine the 

conformationat preferences. While the benzyl group, R, is sterically larger 

than the nosylate group, conformer C is favored because in the Felkin-Anh 

model, "largeness" is dictated by the polarity of the bond to a group in the o 
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position. The more polar is the bond to an cc-substituent, the "larger" is that 

group and the more it will prefer to be antiperiplanar to the carbonyl re-system. 

anti 
0  ONs 

syn 

C02Et C02Et 

A C 

less favored more favored 

Figure 16. Favorable Felkin-Anh Conformers for Reduction of 15b-d 

Therefore, the Felkin-Anh model predicts that conformer C is the 

reactive conformer and that reduction should occur preferentially to give the 

syn isomer (Equation 106). This is in accord with the experimental results. 

Previous results from this laboratory91 showed that sodium borohydride 

reductions of ß-oxo-a-nosyloxy esters had a similar syn-preference for a 

similar transition state model (Equation 36). Reductions of the ß-nosyloxy-a- 

keto esters reported here are more selective and give only the syn 

diastereomer, whereas ß-oxo-a-nosyloxy esters are syn diastereoselective 

only to the extent of 3:1. 

0^    "  C02Et H     C02Et R OH 
H 

conformer C syn-18b,c 
of 15b,c 

Equation 106 
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The reduction reactions of 15a-g illustrate that the ß-nosyloxy-a-keto 

ester functional array has an enhanced reactivity. The high reactivity of the ß- 

nosyloxy-a-keto ester functional array was somewhat discouraging, since the 

■normal" reducing agents were too reactive. On the other hand, it was 

possible that the enhanced reactivity of ß-nosyloxy-a-keto esters might 

provide novel routes to 1,2,3-trifunctionalized compounds not otherwise 

accessible from precursors of lesser reactivity. The ester group and the 

nosyloxy group that flank the ketone function make it extremely electrophilic 

and consequently very reactive. If the nosyloxy leaving group could first be 

replaced by a less electron-withdrawing substituent. the reactivity of the 

ketone might be modulated. With this in mind, a series of amine nucleophiles, 

including benzylamine, pyrrolidine, and morpholine. were reacted with 15b 

(Equation 107). Only morpholine gave substitution for the nosyloxy group and 

not base-promoted chemistry, probably due to the fact that it is also the 

weakest base of these three nucleophiles (pKa = 8.4). 

Benzyl amine (pKa = 9.33) and pyrrolidine (pKa = 11.27) are stronger 

bases and base-promoted chemistry is predominant For example, base- 

promoted decomposition of 15b occurs with basic nucleophiles whose pKa 

values are greater than 8.5. Therefore, nucleophiles with pKa less than 8.5 

would be the best candidates for nosylate substitution reactions. Synthe- 

tically, this means that because there are very few amines with pKa values 

less than 8.5. nucleophilic substitution of 15 by amines is of limited 

applicability. In general, amine nucleophiles cannot be considered as viable 

nucleophiles for substitution reactions of ß-nosyloxy-a-keto esters. 
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O' 
24 O y^ Substitution 

Ph^iY°Et  pK°<8'5 
0Ns

 °         p~^~>¥.25~ 
15b H ^\   Base-promoted 

)ecom position 

CH2NH2 ^       No isolable products 

Equation 107 

The sensitivity of ß-nosylöxy-a-keto esters, 15, to base is further 

confirmed by the immediate decomposition of 15b in the presence of the 

hindered, non-nucleophilic base, DBU. Treatment of 15d with DBU gives a 

deep-seated fragmentation in which ethylene, carbon dioxide, and carbon 

monoxide are apparently evolved. Intermediate enolate, 84 is presumably an 

intermediate (Equation 108), and the two products that were isolated 

presumably evolve from this intermediate. Protonation of the intermediate 

provides ethyl 2-[(p-nitrobenzene-sulfonyl)oxyJpropanoate, 29. Intramolecular 

attack on the ipso carbon of the p-nitrobenzenesulfonate group provides the 

cyclic intermediate 85. Subsequent collapse of 85 with loss of sulfur dioxide 
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affords ethyl 2-hydroxy-2-(p-nitrophenyl)-propanoate. 28. The latter pathway 

involving ipso substitution of was previously observed in the reaction of a- 

nosyloxy ketone enolates (Equation 31 ).83 

EtO if*" Me     o 
S02 

DBU:- 

path a 
H+ \y 

NO, 

-co2. -co W-V^ 
Me     n—i 

29 

o-so2 

84 

Equation 108 
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Treatment of ß-nosyloxy-a-keto esters with basic amine nucleophiles 

caused base-promoted decomposition instead of substitution. Evidently, the 

ester group and nosyloxy group that flank the ketone render the ketone 

extremely electrophilic. Consequently, it was decided to survey a variety of 

processes with one ß-nosyloxy-a-keto ester in order to define the types of 

reactions that offer the greatest synthetic potentials. Since a significant 

fraction of the molecular weight of a ß-nosyloxy-a-keto ester is due to the 

nosylate group, a larger ß-nosyloxy-a-keto ester was chosen as the model 

compound so that the reaction products would have a moderately large 

molecular weight after the nosylate group was lost. ß-Nosyloxy-a-keto ester, 

15b, was chosen as a typical example of the group. 

Since basic amine nucleophiles are not suitable in displacement 

reactions of 15b, the azide ion (pK, 4.75) was chosen as an attractive non- 

basic amine-equivalent nucleophile. Reaction of 15b with sodium azide in 

wet acetone produced only the gem diol. 16b (Equation 109). No product 

O 
OB 

^ ®N Ph 

H,0   ^ "*     O 

■^ Substitution 30b 

ONs Ö       \Carbonyl 
H2o ^Addition     HO    OH 

N3   Ph^yV0Et 

ONs O 

16b 
Equation 109 
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was found that would indicate that azide ion addition to the carbonyl carbon or 

substitution of the nosylate group had occurred. 

Azide ion is a better nucleophile than water, and in the absence of 

water, azide ion displaces the nosylate group at room temperatures in a few 

hours (Equation 110). Clearly, azide ion (nucleophilic constant, n = 5.78)152 is 

much more nucleophilic than the water (nucleophilic constant, n < 0),152 but 

the nosylate substitution reaction with azide ion is slower than carbonyl 

addition by water. Furthermore, substitution in the diol, 16b, is much slower 

than in ketone, 15b. 

Bn OEt O^OEt    i    BnVX^OEt •NsO>    Bn^Jli 

ONs O acetone      {oNs O X    0 

15b 86 30b 

Equation 110 

Azide ion could undergo reaction with 15b by two modes of attack. 

Similar to the mechanism reported for the reaction of amines with a-nosyloxy 

ketones (Equation 30),83 azide ion attack of the carbonyl group of 15b would 

give a tetrahedral intermediate, 86, and intramolecular displacement of the 

nosylate group by the azide nitrogen would provide 30b. Other examples of 

carbonyl addition by azide ion are known. Trimethylsilyl azide in the presence 

of catalytic sodium azide and 15-crown-5 has been shown to add to 

carbonyls, 87, to give siloxy azides, 88. (Equation 111 )J53 When excess 
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trimethylsilyl azide in the presence of zinc chloride or tin(ll) chloride was used, 

gem-diazides were produced.154 

j? N,    OSiMe3 
R AR*   +    Me3siN3    NaN3/15-Crown-5^ R>^ 

87 88 

Equation 111 

However, no evidence for the formation of 86 in the 'H and 13C NMR 

data was found. A more likely mechanistic scenario involves direct 

nucleophilic displacement of the nosylate group by the azide ion (Equation 

112). Patonay84 found that reaction of a-nosyloxy ketones with sodium azide 

apparently proceeds by direct displacement of the nosylate group by a S«2 

process. The same type of mechanism is believed to occur in the nucleophilic 

attack by azide ion on a-halo ketones.155 Using sodium azide in dry acetone 

avoided the problems of ketone hydration and azide 31b could be formed in 

acceptable yields. 

N?\ 
O    N3 JO O 

B"Ylf'0Et -    Bn^fA^OEt   acetone^  Bn^JL^OEt 

ONs 0 (oNs O -NsO® N3     o 

86 15b 30b 

Equation 112 

The 'H NMR experiments showed that the ß-azido-a-keto ester, 30b, 

was not extremely stable, since it showed signs of decomposition after 11 
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hours. In spite of its instability, 30b could be successfully used as a synthetic 

intermediate. Reduction of 30b worked well to afford ß-azido-a-hydroxy ester, 

31b, as a mixture of syn:anti diastereomers in a ratio of 76%:24% (Equation 

65). The syn and and assignments were deduced from published spectral 

data and coupling constants for antf-31 b and other derivatives of 31,49 

Bn 
OH OH 

0Et    NaBH*   »     Bn^X^OEt   +   Bn^A^OEt 
t,       n THF/MeOH *       H I       II N3     O (9g:i) N3     O N3     O 

30 b syn-31b anf/-31b 
76% 24% 

Equation 65 

The azide group does not provide as much selectivity in the reduction 

of the carbonyl group as the nosylate group did, since a mixture of the syn 

and the anti diastereomers was obtained for the reduction of 30b. As with the 

reductions of 15b and 15c, the Felkin-Anh model may be used to explain the 

observed stereoselectivity.1'»-^ There are four possible conformers E, F, G, 

H (Figure 17). Conformer E and Fhave the R group antiperiplanar to the 

carbonyl group, and in conformer G and H, the nosylate group is 

4: *« >3 4i 
O   .. O 

R- ,^^ 

C02Et N^C02Et H^2B" T^ 

E F G H 

Figure 17. Possible Felkin-Anh Conformers for Reduction of 30b 
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antiperiplanar to the carfaonyl group. Conformers F and H can be removed 

from consideration due to steric repulsion between the azide group in 

conformer F and the benzyl group in conformer H with the ester group. 

Conformers E and G are the favored conformers for the reduction of 

30b with sodium borohydride (Figure 18). Addition of hydride to conformer E 

syn 
0   M O 

C02Et C02Et 

E G 

less favored more favored 

Figure 18. Favorable Felkin-Anh Conformers for Reduction of 30b 

provides antf-31b (Equation 113) while addition to conformer G leads to syn- 

31b (Equation 114). As before, the determination of the most favored 

conformer depends upon the balance between opposing steric and electronic 

effects. The A value for the azide group is assumed to be similar to the 

halogens (0.45)156 but less than that for the nosylate group (0.52).91 

O 
H C02Et 

C02Et       M Et02C      H R H 

U.N3 HO       N3 

E anti-31 

Equation 113 
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Therefore, the sten'c requirement of an azide substituent is less than that for 

the nosylate group. More importantly, the azide group is less electron 

withdrawing than the nosylate group, so that conformers G and E are closer in 

energy leading to reduced stereoselection compared to the reduction of 

nosylate 15b (Equation 106). 

FLiL a     PH H- pOaEt 

jj^'    ~*   H^3 N3. 
 'H 

©        M   C02Et H'  C02Et R OH 

G syn-31 

Equation 114 

An alternate route to azido alcohol 31b by ketone reduction followed by 

nosylate displacement was examined (Figure 8). As discussed previously, 

OH 

BfW A. ^OEt 

N3     O 

O OH       y/ni anW-31b 
1 YST0EI NaBH(0Ac)vBn YST 0Et 

ONs 0 THF ONs 8 

15b 18b       'V^        H    O   H NaN. - .. - 

NaN3 N3     O 
DMS9>fl 

Bn^ 

DMSO 
Bn       C02Et 

c/s-22b 
93% 

Equation 67 
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reduction of 15b by sodium triacetoxyborohydride gave syn-18b (Equation 

103). Treatment of syn-18b with sodium azide gave ring closure to the 

glycidic ester, c/s-22b, rather than nucleophilic displacement (Equation 67). 

The ring closure of 18b with sodium azide may not be too surprising when the 

acidity of the a-hydroxyl proton is considered. A typical hydroxyl proton has a 

pKa of 15-16. A neighboring carbonyl group causes the p/Caof the OH group 

to drop to 11-12.67 In fact, it was recently shown that fftrec-2,3-dihydroxy 

esters could be selectively sulfonylated at the a-OH by taking advantage of 

the acidity difference between the two hydroxyl groups.52-s7 The acidity of 

the a-OH group allows bases as weak as azide ion to promote ring closure. 

In order to avoid azide induced ring closure, protection of the hydroxyl group 

of 18b with ethyl chloroformate gave syn-33b. ethyl 3-[(p-nitrobenzenesul- 

fonyl)]oxy]-2-carboethoxy-4-phenylbutanoate (Equation 68). 

With the protected ß-nosyloxy ester 33b in hand, the azide substitution 

reaction was investigated. Reaction of 33b with sodium azide in dry acetone 

failed to give a substitution product and returned only starting material. The 

solvent was changed to DMSO, and the reaction was repeated at 60 °C 

(Equation 70). Three products were obtained. Direct displacement of the 

nosyloxy group by the azide ion produced anfM4b-RPS with inversion of the 

stereochemistry at C3 (Equation 115). Since inversion of the stereochemistry 

at C3 occurs, the bimolecular nucleophilic substitution could be viewed as a 

normal SN2 type of reaction. Two elimination products ethyl 2-carboethoxy-3- 

ene-4-phenyl butyrate, 35, and ethyl 2-carboethoxy-2-ene-4-phenyl butyrate, 

36, were obtained as well. Therefore, the simple SN2 reaction of azide with 
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the nosylate group of 33b affords 34b, and simple elimination of nosic acid 

provides the elimination products 35 and 36. 

,   OC02B OC02Et 

BnJ^OEt "MSP.*   » Bn^IoB    + ©0Ns 
CONS O intermodular =      g 
X substitution IN3     u 

syn-33b anf/-34b-RPS 

Equation 115 

Another possible mechanistic scenario includes the intramolecular 

displacement of the nosylate group by the oxygen of the carboethoxy group to 

give intermediate 89 (Equation 116). Loss of an Ha proton affords 35, where 

the newly formed double bond is conjugated with the phenyl ring. Likewise, 

loss of Hc proton would produce 36 where the double bond is conjugated with 

the ester group. If azide ion attacked 89, then the syn-34b would be 

obtained, resulting from two successive inversions at C3. Therefore, antf-34b 

must result from a single inversion of configuration and could not originate 

from 89. 4nfA34b must result from direct displacement of nosylate in syn- 

33b or by its prior epimerization. 

More stringent reaction conditions (DMSO, 60 °C) were required to 

successfully achieve substitution in the protected nosyloxy ester 33b than 

were required to produce the same type of substitution reaction in ß-nosyloxy- 

a-keto ester, 15b (acetone, RT). This is due to the electron withdrawing 

carbonyl group at d of 15b, which makes C3 more electrophilic. Also, the 
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carbonyl group is sterically smaller than a tetrahedral carbon, thus reducing 

steric crowding in the SA£ transition state of 15b. 

OC02Et 

N3     O 
e 

OEt OB      N3^r syn-34b-RPS 

DMSO Hl\     iu 

Ha>HtvX       O 

a
h!>W~~"(,"H„ 

syn-33b 

These experiments were undertaken with the hope of using ß- 

nosyloxy-a-keto esters, 15. as precursors to 3-azido-2-hydroxy esters and 

ultimately 3-amino-2-hydroxy esters. Two different sequences of ketone 

reduction and nosylate substitution were investigated and are summarized 

(Figure 19). Starting from ß-nosyloxy-a-keto ester 15b. the sequence of azide 
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OH OC02Et 
^InEt CIC02Et^ Bn.X\0B  NaN3> 

ONsO DMAP-Py        INSO DMS0 

50% recrx 
syn-18b syn-33b 

A 
29% 

OC02Et 
Bn^sv0Et 

anf/-34b-RPS 

+ 35 + 36 
NaBH4 

THRMeOH 
(99:1) 
77% 

W Bn^ X. „OEt 

ONs Ö 

15b 

0C03Et 0CO2Et 
Bn >sJx.OEt +BnVvAs^OEt 

N3    O N3     O 

syn-34b-SRP        anf/-34b-SRP 
76% 24% 

NaN3 

acetone 
u   77% 

CIC02Et 
DMAP, py 

68% 

O OH OH 
^JL^OEt NaBH,     Bn^J^OEt   ^ Bn^A^OEt 
TT THF/MeoS       TT YY 

Bn^ >^ ,OEt NaBH 

N3    0 

30b 

THF/MeOH 
(99:1) 
81% 

N3     O 

syn-31b 
76% 

N3     O 

anf/-31b 

24% 

Figure 19. Summary of Azide Substitution and Reduction Sequences 

substitution followed by ketone reduction and protection gives a good overall 

yield but only a 3:1 diastereoselectivity in the reduction step (Figure 19, lower 
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pathway). In contrast, the sequence of ketone reduction and protection 

followed by azide substitution (Figure 19. upper pathway) was highly 

diastereoselective but gave only modest yields of anti-33b due to competing 

elimination reactions in the azide substitution step. Thus, while both 

sequences did provide the product being sought, each had drawbacks and 

the reduction-protection-substitution method (Figure 19, upper pathway) 

required a hydroxyl protection which we had hoped to avoid. Consequently, a 

different approach to 1,2,3-trifunctional products from 15b was pursued. 

A major difficulty with the procedures studied this far was that the 

reaction conditions were basic, and it became abundantly clear that ß- 

nosyloxy-ct-keto esters 15 were quite base sensitive. For these reasons, it 

was thought that neutral or acid-catalyzed reactions might be a better choice 

for transformations of 15b. Support for this approach came from unexpected 

results of an early procedure (Equation 72) for the preparation of 15 from the 

reaction of W-acyl enamides, 37, with pNBSP. It had been anticipated that the 

enamides would react as an electron rich double bond with pNBSP similar to 

the other enol ether derivatives.76 Instead of 15a, the reaction gave only vinyl 

nosylate, 38, in low yields (Equation 117). Evidently, intermediate. 90, loses a 

proton to give 38 before hydrolysis occurs. Because of the low yields, no 

further work on the reaction was carried out. However, the unusual 

polyfunctional array in 38 make it an interesting synthetic target, thus other 

routes to 38 were considered. 

Condensation reactions of 15b with amides and carbamates were 

postulated as a possible route to compounds like 38. Reaction of 15b with 

methyl carbamate in refluxing toluene gave two products (Equation 73). The 
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H      O 

Nso^ir  0Me 

H30\V^     15a 

NHAc .TNHAC 

37 90 
\       H       o 

NHAc 

38a 
Equation 117 

first product was methyl 4-nitrobenzene sulfonate, 39, and the second 

compound was found to be 4-carboethoxy-5-benzyl-2-[3H] oxazolone, 40, or 

its regioisomer, 4-benzyl-5-carboethoxy-2-[3H] oxazolone, 41. The spectral 

data obtained for the oxazolone were not sufficient to distinguish between the 

two possible regioisomers, but structure 40 was favored based on the 

similarity of 40 to the oxazole structure 42. 

A plausible mechanism for the reaction of 15b with methyl carbamate, 

begins with the carbamate nitrogen attacking the ketone carbonyl group of 

15b to afford carbinolamide intermediate 91. Intramolecular attack by the 

carbamate carbonyl group on the nosylate group provides the cyclized 

intermediate. 92. Demethylation of 92 by the nosylate anion would give 
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methyl 4-nitrobenzene sulfonate, 39, and 93. Subsequent loss of water from 

93 provides 40. Although it is not shown (Equation 118). an unproductive 

initial equilibrium involving addition of the carbamate oxygen instead of the 

carbamate nitrogen to the ketone group of 15b could also occur. Initial attack 

by the carbamate nitrogen to afford product is quite reasonable. The 

condensation of amides and carbamates with ketones by nitrogen addition to 

the carbonyl group results in A/-alkylated products, as was also seen for the 

condensation of amides and carbamates with pyruvate esters (Equation 71). 

O .0 
H N An.Me Me% f  ONs 

\ I 2 c°Me 

ONs O (ONs O H    >-0Et 

15b                                       91 92 

-NsOMe 
39 

0WH -HaO °     " 

40 93 

Equation 118 
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Once the tetrahedral intermediate 91 is formed, cyclization and 

demethylation follow. Although nosylate ion is not a good nucleophile, a 

similar mechanism for another poor nucleophile, fluoride ion, has been 

reported for the cyclization of ß-hydroxy-a-amino acid ester, 94, upon 

treatment with (diathylamino)sulfurtrifluoride. DAST (Equation 119).157 

Sulfonylation of 94 followed by intramolecular displacement by the carbamate 

oxygen affords intermediate 95. Demethylation of 95 by fluoride yields 

oxazolidinone, 96. This sequence is essentially the same as the mechanism 

proposed (Equation 118) and shows that even poor nucleophiles such as 

fluoride or nosylate are capable of demethylating oxonium ion intermediates. 

O  N-0H Q4sjSsF2NEt2 

x X      Et2NSF3»    IX     + F
e 

RO^N^C02Bn FO"%'^C02Bn 
Bn Bn 

94 

FR   + 

0 
-OSF2NEt2 

Q, ^COaBn     ^ .^^S^COaBn 

0 Bn ""\?A     "Bn 

96 95 

Equation 119 

The product obtained by the reaction of 15b with methyl carbamate is 

an oxazolone, in particular a 4-oxazolin-2-one or a 2 (3H)-oxazolone, where 
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the numbering of the ring begins at the oxygen and works clockwise around 

the ring (Figure 20).158 There are no examples of oxazolones in the literature 

in which either R2 or R3 is a carboxylic acid derivative.158 The most 

O x 
O^NR, 
,\=/3 

/iA 
R3      Ra 

Figure 20. General Structure for 4-oxazolin-2-one 

common synthetic route to 4-oxazolin-2-ones uses the condensation reaction 

of a-hydroxy ketones, most often benzoin 97, with ethyl carbamate or ethyl 

chloroformate to give 4,5-diphenyl-4-oxazoline-2-one, 98 (Equation 120).158 

Two variations of this reaction include the reactions of a-bromocarbonyl 

compounds with potassium isocyanate,158 and the reaction of a-hydroxy 

ketones with dichloroformate and ammonia to afford the oxazolones.158 

O O O 

PnA^ph +  NH A.x    —^   0ANH 

0H where X = CI, OB PhPh 

97 98 

Equation 120 

Other routes to 4-oxazolin-2-ones include reactions of 2-benzoyl-2- 

phenyloxirane, 99, with aryl isocyanates to afford aryl substituted oxazolones, 

100 (Equation 121).158 In general, preparations of the 4-oxazolin-2-one class 
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of oxazolones are not well known. The condensation of ß-nosyloxy-oc-keto 

esters, 15, with carbamates appears to provide a much simpler and higher 

yielding route to 4-oxazolin-2-ones. Before the full potential of the reaction of 

15 with carbamates can be realized, the mechanistic details of the reaction 

must be confirmed, but the literature does not provide precedents for this 

process. Therefore, in order to understand more about the synthetic utility of 

the reaction of 15b with carbamates, the preparation of another well-known 

heterocycle, an oxazole, was examined. 

0 

Ph 
+     ArNCO      » 

0 x 
0     NAr 

Ph         Ph 
99 

Equation 121 

100 

Oxazoles are well known compounds and have been more thoroughly 

studied than 4-oxazolin-2-ones.,S9160 Like oxazolones, oxazoles are also 

five membered heterocycles with an oxygen and a nitrogen atom in the ring 

(Figure 21). Oxazoles have been synthesized by a variety of methods,159-160 

and one especially common synthesis, due to the ready availability of the 

ft 

O"KJ 

/5   4\ 
Rs    R* 

Figure 21. General Structure for 1,3-oxazole 
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starting materials, involves the condensation of a-halo ketones, 102, with 

amides, 103 (Equation 122). The reaction works well for most systems, 

although the condensation of a-chloroketones with amides was found to not 

yield oxazoles16* and yields of 2,4-disubstituted oxazoles tend to vary. 

NH 

X 

101 

Equation 122 

R 

(AN 

The synthesis of oxazole esters, more specifically, oxazole 4- 

carboxylic esters, is much more difficult. These oxazoles have recently 

received interest due to their presence in many natural products.162 For 

example, antibiotics berninamycin A.1« griseoviridin, 102,164 virginiamycin, 

103,164 and madumycin, 104.164 all contain this unique structural feature. The 

102 

Griseoviridin 
103 

Virginiamycin M 
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synthesis of antitumor agent and phosphatase inhibitor, calyculin A, 

105.63.i3o.i65.i66 utj|jzes the 4-carboethoxy group of the oxazole as a 

functional handle to append the rigid alkene subunit. 

104 

Madumycin ll 

OH   O      Rj    Me 

WSj 
Me2N      OH 

Me   Me        \...«0 

105 

Calyculin 
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A common reaction sequence for the preparation of 4-carboethoxy 

oxazoles135-1" involves the intramolecular cyclization of ß-keto-a-N- 

acetamido esters, 106, to give the 4-carboethoxy oxazoles, 107, in 40-93 % 

yield (Equation 123). The regioisomer of 107,5-carboethoxy oxazole, 110, 

O      O Me 

Hv        >Va 
o o 

106 107 

Equation 123 

can be prepared (Equation 124) by a-bromination of ethyl acetoacetate to 

give the ß-keto a-bromo ester, and treatment of the ß-keto a-bromo ester with 

the sodium salt of benzoic acid gives the ß-keto a-0 protected ester, 108, 

which is condensed with ammonium acetate to give 5-substituted oxazole 

ester, 109. 

0      0 pn 

UEt 2. PhCO,Na °v_ph        HCONH, X 
YPh EtO-^^Me 
0 

108 

Equation 124 

O 

109 
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In another synthesis of 4-carboethoxy oxazoles, 111, 2-acylamino-3- 

haloacrylic esters, 110. are treated with Methylamine (Equation 125).167 A 

simple nickel peroxide oxidation of oxazoline also can be used for the 

preparation of 4-carboethoxy oxazoles.63-168"170 

'        NH ^ <Q 
O 

Me       NH 

Br        W2, 

O ^N 

OEt 

Ö 

110 111 

Equation 125 

The reaction of 15b and acetamide also provides 4-carboethoxy 

oxazoles in good yields (Equation 74). The mechanism for this reaction 

(Equation 126) is believed to be similar to the reaction of 15b with the methyl 

carbamate. Initial attack by the amide nitrogen on the carbonyl group of 15b 

and subsequent amide oxygen displacement of the nosylate group leads to a 

112. There are two pathways leading to two different intermediates from 112. 

Attack by water at C2 of 112 provides 113. and 113 loses water from C4 to 

give 114. Tautomerization of 114 affords 46. intermediate I. On the other 

hand, loss of a proton from 112 affords the second intermediate. 47. 

Intermediates 46 and 47 were isolated and the structures for these two 

intermediates was tentatively assigned. Dehydration of 46 or 47 gives the 

oxazole product, 42. 

Besides the isolation of intermediates 46 and 47. the pathway shown in 

Equation 126 is favored for two additional reasons. First, the ketone carbonyl 
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© 
v    OH2 
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en>l0H 

O^OEt 

113 

Equation 126 
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group of 15b is extremely electrophilic. so nucleophilic addition will occur here 

first. Secondly, no spectral evidence of an imidate intermediate was obtained. 

Consequently initial addition to the carbonyl group of 15b by the amide 

nitrogen followed by intramolecular cyclization seems most reasonable. 

Masamune130 reported a similar type of reaction (Equation 76) and claimed 

that the intermediate which was isolated. 49, was of the same type as 

intermediate-2. However, no actual physical characterization of the 

intermediate was ever reported to substantiate the report. 

The mechanism proposed in Equation 126 is not the same, however, 

as the one proposed earlier for the reaction of an amide with an cc-halo ketone 

(Equation 122).162 That reaction was postulated to occur by initial attack by 

the amide oxygen on the halide ion (Equation 127) to give an iminoesters, 

115, which undergoes ring closure and loss of water to give the oxazole. A 

distinguishing feature of this alternative mechanism is the initial formation of 

imidate 115. No evidence for an analogous intermediate in the reaction of 

15b with acetamide was obtained. Cyclization of 115 would provide an 

intermediate analogous to 47, and the pathways become mechanistically 

similar. 

0/^^\      0 \-$, 0 s       x      O \—^ I 

o 
101 115 

Equation 127 
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The structures of 46 and 47 were not immediately obvious. Moreover, 

46 was the major intermediate, and only small amounts of 47 could be 

isolated under the best conditions. Qualitatively, it appeared that 47 was 

formed first but was converted to 46, which was more stable and remained in 

solution longer. It was therefore important to establish the structure and 

rsqiochemistry of 46 and 47, and identification of the product obtained from 

reduction of the intermediate was seen as a viable method for discriminating 

between 46 and 47 (Equation 77). Upon reduction, the C2 methyl signal in 

the 1H NMR was a singlet. Thus, 46 is 2-methyl-2-hydroxy-4-carboethoxy-5- 

benzyl-3-oxazolidine and has the hydroxyl group at C2 as shown, indicating 

that the precursor to 51 is 46. By inference. 47 has a hydroxyl group at C4 

and is 2-methyl-4-carboethoxy-4-hydroxy-5-benzyl-2-oxazoline, 47. 

CH3^OH CH3     OH 

Bn-Ö ™«P»*,        Bn4_£H 
rOr°Et THF ryOB 

o o 
46 51 

Equation 77 

A final structural study was done to confirm the regiochemistry of the 

oxazole product 42. Based on the mechanistic scenario (Equation 126), the 

expected structure is the 4-carboethoxy-5-benzyl regioisomer, 42, as dictated 

by initial amide nitrogen addition to the ketone group of 15b. To confirm this, 

acid promoted hydrolysis of the oxazole was carried out. If the oxazole 
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prepared was 42, then water would add to Cs and give ethyl 2-acetamidc~3- 

oxo-4-phenylbutanoate, 53 (Equation 128). On the other hand, if the oxazole 

H20 

Bn        C02Et        Bn   )  C02Et Bn        C02Et n 
H JÜ.   Me     _    M       ^Bn^COaB 
Oyj —^   O^NH    -*• HO       NH   — IH 

42 53 

Equation 128 

was regioisomer 43, water would attack C5 and give ethyl 3-acetamido-2-oxo- 

4-phenyl butanoate, 54, (Equation 129). Hydrolysis of the oxazole product 

gave 53; thus, the regiochemistry of the oxazole product is properly depicted 

as 42. This further supports the general course of the reaction between 15b 

and acetamide as shown (Equation 126). 

H20N 

O Et02Cv       Bn        Et02C )   Bn       Et02C       Bn 

^ "~       O^JH       "" HO        NH NH 

:       Bn        ttu2(j j   Bn       tto2c       an II 

H J5. M — X ^.«wAr"" 

43 54 

Equation 129 

In summary, the reaction of 15b with acetamide provided the 4- 

carboethoxy oxazole 42 in good yields. There are a few reports of the 
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reaction of ß-bromo-a-keto esters, also known as ß-bromopyruvates with 

amides and heterocyclic amines. The reaction of ß-bromopyruvates, with 

thioacetamide was found to give crude 4-carboethoxythiazoles in 65% 

yield.172 The reaction of ß-bromopyruvates with amine heterocycles such as 

2-amino pyridines was found to be much less selective, since the reaction 

provides both regioisomers, 116 (20%) and 117 (14%) (Equation 130.)173.i™ 

RT 

R2 

Rr 

Equation 130 

N 

Ra 

116 
(20%) 

.N. Vi 
// 

FU       C02Et ^2 

117 
(14%) 
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6. CONCLUSIONS 

In pursuing the initial objective of this project, an effective synthesis for 

a variety of ß-nosyloxy-a-keto esters from a-keto esters was developed. The 

first step in this process required the preparation of electron rich silyl enol 

ether derivatives of a-keto esters. The preparation of silyl enol ether 

derivatives was found to structure dependent, but regardless of the method 

utilized, all of the silyl enol ethers were prepared in good to excellent yields. 

Next, the electrophilic reagent. p-NBSP, was found to efficiently oxidize silyl 

enol ethers at the ß-carbon to give ß-nosyloxy-a-keto esters, 15, in good 

overall yields. 

A second objective of this work was to examine the viability of using ß- 

nosyloxy-a-keto esters as synthetic intermediates to access other 1,2.3- 

trifunctionalized compounds. Two structural features of the ß-nosyloxy-a-keto 

esters, the electrophilic carbonyl and the excellent leaving group ability of the 

nosylate group, were investigated. In exploring the carbonyl chemistry of ß- 

nosyloxy-a-keto esters, 15, it became clear that positioning the ketone group 

between the nosyloxy group and the ester group makes the ketone group 

extraordinarily electrophilic. Even poor nucleophiles such as water could 

easily add to the carbonyl. The ketone group was much more electrophilic 

than the isomeric ß-keto-a-nosyloxy esters. 119, which are extremely valuable 

synthetic intermediates. 

Many normal carbonyl addition reagents, such as sodium borohydride 

or amines, caused deep-seated decomposition when reacted with 15. 

Moreover, these compounds are also very base-sensitive and decompose in 
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their Dresence as well. Thus manv of 

118 

the cplprtive fransfnimatinns orininallu 

envisioned for ß-nosyloxy-a-keto esters were not feasible due to their extreme 

reactivity. Luckily, the carbonyl group of ß-nosyloxy-a-keto esters reacted 

successfully with a range of very weak nucleophiles, such as water, sodium 

triacetoxyborohydride, amides and carbamates. 

The nosylate group of 15 can be replaced by nucleophiles that have 

relatively low pKjs such as azide ion and morpholine. It would appear that 

with respect to normal carbonyl and nosylate transformations, these materials 

are too reactive to be of wide-spread utility. However, in another respect, 

these compounds show significant synthetic potential. Because of their high 

reactivity, they can be treated with neutral amides or carbamates to give 

cyclocondensation products in high yields. With subsequent development, 

this could be the method of choice for the synthesis of several classes of 

important heterocycles, since the same type of reactions with ß-halo-a-keto 

esters have been reported to give poor results with less regiocontrol. The 

extreme electrophilicity of the carbonyl group guides the regiochemistry by 

directing attack of the nucleophile to the carbonyl. It is envisioned that other 

carboxylic acid derivatives such amidines and thioacids could provide entry to 

other classes of heterocycles as well. 
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7. EXPERIMENTAL SECTION 

Most chemicals were purchased from Aldrich Chemical Company 

except forp-nitrobenzenesulfonyl chloride which was purchased from Fluka 

Chemical Co. and recrystallized from chloroform and hexane. Tetrahydro- 

furan (THF) was distilled from sodium benzophenone ketyl immediately prior 

to use, and acetone was distilled after stirring over CaS04. Acetonitrile, ether, 

triethylamine were dried with CaH2 and distilled. Chlorotri-methylsilane was 

distilled from magnesium turnings. HPLC grade solvents were purchased 

from VWR. 

'H NMR and ,3C NMR spectra were recorded on Varian 400 and 200 

MHz spectrometers, and 13C NMR were recorded on Varian 400MHz 

spectrometer. Chemical shifts for both proton NMR spectra and 13C NMR 

spectra are reported for chloroform-o'and acetone-d6 solutions relative to 

TMS as an intermal standard. IR spectra were determined on a Perkin-Elmer 

instrument Melting points are uncorrected. Thin-layer chromatography was 

performed on silica gel 60 F254 plates and visualized by UV irradiation and/or 

iodine. Analytical HPLC was performed with the indicated solvent systems 

and flow rates on a Rainin chromotograph equipped with a 21.4 mm ID x 25 

cm L Dynamax 60A silica gel column and UV detector (254 nm). Flash 

chromatography was performed using silica gel 60 PF254 containing gypsum. 

Radial chromatography was performed on a radial Chromatograph (Harrison) 

using 1 -mm and 2-mm layer of silica gel 60 PF254 containing gypsum. 

Elemental analyses were carried out by M-H-W Laboratories, Phoenix, AZ. 
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1-Carbomethoxy-1-(trimethylsi!oxy)ethylene, 11a. Methyl pyruvate, 

10a. (3.17 g, 31.1 mmol) was placed in a 3-neck flask fitted with an addition 

funnel. The system was purged with N2, and tetrahydrofuran (60 mL) was 

syringed into the flask. Chlorotrimethylsilane (4.4 mL, 3.77 g, 35.0 mmol) was 

added to the flask, and triethylamine (5.85 mL, 4.25 g, 42.0 mmol) in 

tetrahydrofuran (40 mL) was added dropwise. After 3.5h, the tic analysis of 

the reaction mixture (ethyl acetate/hexane; 1:4) showed little starting material. 

Pentane (75 mL) was added, and the reaction mixture was filtered. The 

filtrate was washed with water (2 x 50 mL) and with brine (1 x 50 mL). The 

organic layer was dried over MgSC-4 and evaporated to dryness. A clear 

liquid (3.63g. 67%) was obtained. No further purification of the product was 

attempted.: 1H NMR (400 MHz, CDCI3) 8 0.24 (s, 9H, OSi(Ci±3)3), 3.77 (s, 

3H. O-CH3), 4.88 (s. 1H. -C-HJ, 5.51 (s. 1H, -C-H); 13C NMR (400 MHz, 

CDCI3) 5 0.3, 52.4, 104.3, 147.4. 165.2; IR (neat) 2956, 1735. 1627, 1439, 

1329, 1254,1200. 1168, 1029, 848 cm-1. 

1-Carboethoxy-1-(trimethylsiloxy)-3-phenylpropene, 11b. Ethyl 4- 

phenyl-2-oxobutyrate. 10b, (3.98 g, 19.0 mmol) was placed in a 3-neck flask 

fitted with an addition funnel. The system was purged with N2, and 

tetrahydrofuran (40 mL) was syringed into the flask. Chlorotrimethylsilane 

(2.9 mL, 2.48 g, 23.0 mmol) was added to the flask, and triethylamine (3.75 

mL, 2.72 g, 27.0 mmol) in tetrahydrofuran (20 mL) was added dropwise. After 

3.5 h, the tic analysis of the reaction mixture (ethyl acetate/hexane, 1:4) 

showed little starting material. Pentane (50 mL) was added, and the reaction 

mixture was filtered. The filtrate was washed with water (2 x 40 mL) and with 
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brine (1 x 40 mL). The organic layer was dried over MgS04 and evaporated 

to dryness. The crude product was separated by radial chromatography 

(ethyl acetate/hexane, 1:9) to afford (4.84 g. 89%) of the desired product.: *H 

NMR (400 MHz. CDCI3) 5 0.25 (s, 9H, Si(Chb)3), 1.29 (t, J=7.2 Hz, 3H. CH3), 

3.51 (d, J=7.4 Hz, 2H, Ph- Cfch). 4.20 (q. J=7.2 Hz, 2H. O-CH2), 6.22 (t, J=7.4 

Hz, 1H, -C-H), 7.19-7.21 (m, 3H. aromatic), 7.29-7.27 (m, 2H, aromatic); 13C 

NMR (400 MHz, CDCI3) 50.6, 14.2, 32.0, 61.0, 121.3, 126.2, 128.47, 128.52, 

139.7, 141.0, 164.8; IR (neat) 3028, 2958, 2903, 1722, 1645, 1603. 1495, 

1453, 1371, 1289, 1251, 1140, 843, 756 cm"1. 

1-Carboethoxy-1-(trimethylsiloxy)heptene, 11c. Ethyl 2-oxo- 

octanoate, 10c, (3.59 g, 19.0 mmol) was placed in a 3-neck flask fitted with an 

addition funnel. The system was purged with N2, and tetrahydrofuran (40 mL) 

was syringed into the flask. Chlorotrimethylsilane (2.9 mL, 2.48 g, 23.0 mmol) 

was added to the flask, and triethylamine (3.75 mL, 2.72 g, 27.0 mmol) in 

tetrahydrofuran (20 mL) was added dropwise. After 3.5 h, pentane (50 mL) 

was added, and the reaction mixture was filtered. The filtrate was washed 

with water (2 x 40 mL) and with brine (1 x 40 mL). The organic layer was 

dried over MgS04 and evaporated to dryness. The crude product was 

separated by radial chromatography using an increasing polar solvent mixture 

(ethyl acetate/hexane; 2:98 to ethyl acetate/hexane, 1:9) to afford (2.46 g. 

49%) of the desired product.: 1H NMR (400 MHz, CDCI3) S 0.22 (s, 9H, 

Si(CÜ3)3), 0.90 (t. J=6.8 Hz, 3H, CH2- Cfcb), 1.31 (t, J=7.2 Hz, 3H, 

OCH2CÜ3). 1.41 (t, J=7.2 Hz, 2H, CH2CH2CH2). 1.29-1.43 (m, 4H), 2.15 (dt, 

J=7.2, J=7.6 Hz, 2H, CH-CH2), 4.21 (q, J=7.2 Hz. 2H, -OCH2). 6.07 (t. J=7.6 
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Hz, 1H, CH); 13C NMR (400 MHz, CDCfc) 50.6, 14.2, 14.4. 22.7. 26.0. 28.6. 

31.9. 61.0. 123.9. 140.8. 165.2; !R (neat) 2958,2928, 1721, 1647,1373. 

1252, 1142, 1112. 848, 758 cm-1. 

1-Carboethoxy-1-(trimelhylsiloxy)-2-methyl-2-carboethoxy- 

ethylene, 11d. Diethyloxalpropionate, 10d. (2.95 g, 15.0 mmol) was placed 

in a 3-neck flask fitted with an addition funnel. The system was purged with 

N2, and tetrahydrofuran (35 mL) was syringed into the flask. Chlorotrimethyl- 

silane (2.2 mL, 1.88 g. 17.0 mmol) was added to the flask, and triethylamine 

(2.90 mL, 2.11 g, 21.0 mmol) in tetrahydrofuran (15 mL) was added dropwise. 

After 3.5 h, pentane (50 mL) was added, and the reaction mixture was suction 

filtered and evaporated to dryness on the rotary evaporator using a vacuum 

(60 mm Hg). Purification by kugelrohr distillation (0.05-0.06 mm Hg) afforded 

a clear liquid (3.53 g) which contains the desired product (3.00 g, 74% yield) 

and diethyloxalpropionate (0.53g. 2.6 mmol).: 1H NMR (400 MHz. CDCI3) 5 

0.26 (s, 9H, Si(Ci±3)3), 1.28 (t. J=7.2 Hz. 3H, OCH2CH3). 1.34 (t, J=7.2 Hz. 

3H, OCH2CÜ3). 1.84 (s. 3H, Ctb), 4.18 (q, J=7.2 Hz, 2H. -OCH2), 4.25 (q, 

J=7.2 Hz, 2H. -OCÜ2); 13C NMR (400 MHz, CDCI3) 8 0.7. 12.5, 14.3, 14.5, 

61.0, 61.9.115.4, 148.6, 165.6,168.6; IR (neat) 2980, 1735, 1719, 1638. 

1368, 1298, 1255, 1204, 1124,1057, 852cm-l. 

1-Carboethoxy-1-(trimethylsiloxy)-2-methylpropylene, 11e. 

Potassium hydride (35 % by weight. 1.32g. 0.46 g actual. 11.5 mmol) was 

washed with pentane (3x5 mL) under N2. Dry tetrahydrofuran (25 mL) was 

added, and the flask was cooled to 0 °C. Ethyl 3-methyl-2-oxobutyrate, 10e. 
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(1.55 g, 10.8 mmol) was syringed into the flask, and the reaction was allowed 

to stir for 30 minutes. The orange solution was syringed into a 3-neck flask 

fitted with an addition funnel. The system was purged with N2. and 

chlorotrimethylsilane (3.0 ml_, 2.57 g, 24 mmol) in tetrahydrofuran (15 mL) 

was added dropwise. After 2.5 h, pentane (50 mL) was added, and the 

reaction mixture was suction filtered and evaporated to dryness on the rotary 

evaporator using a vacuum (60 mm Hg). Purification by kugelrohr distillation 

(0.05-0.06 mm Hg) afforded a clear liquid (1.81 g) which was a mixture of the 

desired product (1.64 g, 71% yield) and ethyl 3-methyl-2-oxobutyrate (0.17g, 

1.2 mmol).: 'H NMR (400 MHz, CDCI3) 5 0.19 (s, 9H, SitCHjb), 1.33 (t, 

J=7.2 Hz, 3H. OCH2CH3), 1.80 (s, CH3), 2.06 (s, CHj). 4.21 (q, J=7.2 Hz, 2H. 

-OCH2); 13C NMR (400 MHz, CDCI3) 5 0.4, 14.3, 19.7, 20.6, 60.4. 130.6, 

135.8, 165.2; IR (neat) 2958, 2908,1717, 1637, 1290, 1251, 1230, 1187, 

1080, 883. 846, 757 cm-l. 

1-Carboethoxy-1-(trimethylsiloxy)-2-cyclohexylethylene, 11f. 

Potassium hydride (35 % by weight, 0.83g, 0.29 g actual, 7.2 mmol) was 

washed with pentane (3x5 mL) under N2. Dry tetrahydrofuran (25 mL) was 

added, and the flask was cooled to 0 °C. Ethyl cyclohexylglyoxylate, 10f, 

(1.14 g, 6.2 mmol) was syringed into the flask, and the reaction was allowed 

to stir for 40 minutes. The orange solution was syringed into a 3-neck flask 

fitted with an addition funnel. The system was purged with N2. and 

chlorotrimethylsilane (1.5 mL, 1.28 g. 12.0 mmol) in tetrahydrofuran (15 mL) 

was added dropwise. After 2.5h. pentane (50 mL) was added, and the 

reaction mixture was suction filtered and evaporated to dryness on a rotary 
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evaporator using a vacuum (60 mm Hg). Purification by kugelrohr distillation 

(0.05-0.06 mm Hg) afforded a clear liquid (1.15 g, 72%). The crude mixture 

was not completely pure, but no further purification was attempted.: 1H NMR 

(400 MHz, CDCI3) 8 0.18 (s. 9H. SKCfcbh). 1.33 (t, J=7.2 Hz, 3H, OCH2CH3), 

1.57 (m. 6H, Cfcb), 2.28 (m. 2H, CH2), 2.64 (m, 2H, CH2). 4.20 (q, J=7.2 Hz. 

2H, -OCH2); 13C NMR (400 MHz, CDCI3) 5 0.5,14.5. 26.7, 27.7. 28.3. 29.3, 

29.4, 60.6.133.3, 137.2, 165.8; IR (neat) 2929, 2855, 1716, 1630, 1450, 

1283. 1251. 1226, 1152. 1101,877,846,757 cm-1. 

rLactone, 14. Potassium hydride (35 % by weight, 1.38g, 0.48 g 

actual, 12.0 mmol) was washed with pentane (3x5 mL) under N2. Dry 

tetrahydrofuran (30 mL) was added, and the flask was cooled to 0 °C. Ethyl 

2-oxo-octanoate, 10c. (1.86 g. 10.0 mmol) dissolved in tetrahydrofuran (10 

mL) was added, and the reaction was allowed to stir for 30 minutes. The 

orange solution was syringed into a 3-neck flask fitted with an addition funnel. 

The system was purged with N2. and chlorotrimethylsilane (2.5 mL, 2.14 g, 

19.7 mmol) in tetrahydrofuran (10 mL) was added dropwise. After 3.0h, 

pentane (30 mL) was added, and the reaction mixture was suction filtered and 

evaporated to dryness on the rotary evaporator using a vacuum (60 mm Hg). 

Removal of the volatile impurities by kugelrohr distillation (0.05-0.06 mm Hg) 

left sticky, yellow oil (1.31 g, 80%) in the distillation bulb. Alternatively, after 

the filtration, the filtrate was washed with water (2 x 25 mL) and with brine (1 x 

25 mL). The organic layer was dried over MgS04 and evaporated to dryness 

to afford a dark orange oil. Purification of the crude product by radial 

chromatography (ethyl acetate/hexane, 5:95) afforded (0.87 g, 53 %) the 
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lactone.: 1H NMR (400 MHz, CDCI3) 5 0.87 (t, J=7.2 Hz, 3H, CH3), 0.90 (t. 

J=7.2 Hz, 3H, CH3), 1.28 (t, J=7.2 Hz, 3H, OCH2CH3), 1.26-1.32 (m, 12H. 

CH2). 1.53-1.65 (m, 2H. Cfck), 1.81-1.88 (m, 1H, CHH), 2.19-2.27 (m, 2H, 

CH2), 2.30-2.38 (m, 1H, CHH), 4.21 (q, J=7.2 Hz, 2H. OCH2); 13C NMR (400 

MHz, CDCI3) 8 13.97, 14.02, 14.06. 22.3, 22.5, 22.8, 24.5, 26.2, 29.0, 31.5, 

31.9, 34.0, 62.4, 87.8.133.9,138.7,168.7. 170.3; IR (neat) 3337.2957,2932, 

2860. 1765, 1737, 1701.1467, 1393, 1252, 1183, 1116. 1029 cm-'. 

Methyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-oxo-propionate, 15a. To 

a cooled solution (O °C) of 1-carbomethoxy-1-(trimethylsiloxy)-ethylene, 11a. 

(0.41 g, 2.4 mmol) in ethyl acetate (40 mL) was added p-NPSP (0.61 g, 1.5 

mmol). The mixture was allowed to stir for 4h at 0°C. After 4h, the reaction 

was placed in the refrigerator overnight. The reaction mixture turned a pale 

yellow with a small amount of white precipitate. The solution was washed 

with cold water (2 x 25 mL) and once with brine (1 x 25 mL). The organic 

layer was dried over MgS04 and evaporated until 10 mL of liquid remained. 

Hexane was added until cloudy, and the solution was evaporated to dryness 

to afford a pale yellow solid. Recrystallization from ethyl acetate/hexane gave 

a pale yellow solid (0.375 g. 82%).: m.p. 118-120° (dec); *H NMR (400 

MHz, CDCI3) 5 3.92 (s, 3H, OCÜ3), 5.34'(s. 2H, Ci±>ONs). 8.18 and 8.43 

(AA'BB*. J=8.8 Hz, 4H, aromatic CH); 'H NMR (400 MHz, acetone-d6) 5 3.84 

(s, 3H, OCÜ3). 5.49 (s, 2H, ChkONs). 8.28 and 8.52 (AA'BB'. J=8.8 Hz, 4H, 

aromatic CH); "C NMR (400 MHz. CDCI3) S 53.7, 71.2. 124.5. 129.5, 141.5, 

151.1, 158.9. 183.8; i3c NMR (400 MHz, acetone-d6) 8 53.3, 72.9. 125.5, 

130.5. 142.2. 152.1. 159.7, 184.4; IR (KBr) 3110. 2962. 2925. 1764. 1609. 
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1529. 1370.1356.1267,1190. 1001, 822. 746 cm"1; Analysis calc'd for 

C10H9NO8S: C. 39.61; H. 2.99; N. 4.62; found: C. 39.76; H. 2.75; N, 4.42. 

Ethyl 3-[(j>nitrobenzenesulfonyl)oxy]-2-oxo-4-phenylbutanoate, 

15b. To a cooled solution (O °C) of 1-carboethoxy-1-(trimethylsi!oxy)-3- 

phenylpropene, 11b. (0.60g, 2.2 mmol) in ethyl acetate (40 mL) was added p- 

NPSP (0.66 g, 1.6 mmol). The mixture was allowed to stir for 4h at O °C. 

After 4h, the reaction was placed in the refrigerator overnight. The reaction 

mixture turned a pale yellow with a small amount of white precipitate. The 

solution was washed with cold water (2 x 25 mL) and once with brine (1 x 25 

mL). The organic layer was dried over MgSC-4 and evaporated until 10 mL of 

liquid remained. Hexane was added until cloudy, and the solution was 

evaporated to dryness to afford a pale yellow solid. Recrystallization from 

ethyl acetate/hexane afforded a white solid (0.55g, 81%).: m.p. 104-105°; 1H 

NMR (400 MHz, CDCI3) 8 1.40 (t. J=7.2 Hz, 3H, CH3), 3.00 (dd. J=10.0. 

J=14.2 Hz. 1H. Ph-CI±j), 3.27 (dd, J= 3.6. J=14.2 Hz, 1H. Ph-Cik), 4.37 (q. 

J=7.2 Hz. 2H. CH2). 5.63 (dd. J=3.6, J=10.0 Hz. 1H, CHONs). 7.05-7.07 (m, 

2H. aromatic CH), 7.14-7.21 (m, 3H. aromatic CH). 7.75 and 8.16 (AA'BB', 

J=8.8 Hz, 4H, aromatic CH); ^H NMR (400 MHz, acetone-do) 8 1.37 (t. J=7.2 

Hz. 2H. Cib), 2.99 (dd. J=10.0, J=14.5 Hz, 1H. Ph-CJd2). 3.41 (dd, J= 3.2, 

J=14.5 Hz. 1H. Ph-CH2). 4.39 (q. J=7.2 Hz. 2H. CH2). 5.72 (dd, J=3.2, J=10.0 

Hz. 1H. CHONs), 7.11 (m, 2H. aromatic CH). 7.15-7.16 (m, 3H. aromatic CH). 

7.87 and 8.27 (AA'BB'. J=8.8 Hz. 4H. aromatic CH); "C NMR (400 MHz, 

CDCI3) 8 12.9. 36.1. 62.4. 81.6. 123.2, 126.5, 127.8, 127.9. 128.3. 132.9, 

139.9, 149.5. 158.5. 186.3; 13C NMR (400 MHz, acetone-d6) 814.1, 37.5, 
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63.8. 84.0, 125.4, 128.0, 129.5. 130.0. 130.2. 135.5. 141.6. 151.8, 160.2, 

188.3; IR (KBr) 3027. 2919. 1766, 1724, 1603. 1531. 1382, 1350, 1187. 1095. 

1014, 699 cm"1; Analysis calc'd for C18H17N08S: C. 53.07; H, 4.21; N, 3.44; 

found: C, 52.88; H, 4.40; N, 3.24. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-2-oxo~octanoate, 15c. To a 

cooled solution (O °C) of 1-carboethoxy-1-(trimethylsiloxy)-1-heptene, 11c. 

(0.50 g. 1.9 mmol) in ethyl acetate (40 mL) was added p-NPSP (0.65g, 1.6 

mmol). The mixture was allowed to stir for 4h at O °C. After 4h, the reaction 

was placed in the refrigerator overnight. The reaction mixture turned a pale 

yellow with a small amount of white precipitate. The solution was washed 

with cold water (2 x 25 mL) and once with brine (1 x 25 mL). The organic 

layer was dried over MgS04 and evaporated until 10 mL of liquid remained. 

Hexane was added until cloudy, and the solution was evaporated to dryness 

to afford a pale yellow oil. The yellow oil was separated using radial 

chromatography. A stepped, non-polar to polar, solvent system of ethyl 

acetate/hexane (1:4) to ethyl acetate/hexane (1:1) was used to afford a pale 

yellow oil (0.55 g. 88 %).: 1H NMR (400 MHz, CDCI3) 8 0.85 (t, 3H, J=6.4, 

CH2- Cfcb). 1.26 (m, 4H, CH3CH2CH2). 1.25-1.27 (m (buried). 2H), 1.38 (t, 

J=7.2 Hz, 3H, OCH2CU3), 1.78-1.87 (m. 1H, CH(ONs)CIJ2). 1.91-2.00 (m, 

1H, CH(ONs)CH2), 4.36 (q. J=7.2 Hz, 2H. OC!±>), 5.65 (dd, J=4.0. J=8.4 Hz, 

1H, CHONs). 8.15 and 8.42 (AA'BB*. J=8.8 Hz, 4H. aromatic CH); ^H NMR 

(400 MHz, acetone-de) 8 0.81 (t, 3H, J=6.4. CH2- CH3), 1.20-1.28 (m, 6H, 

CH3CteCJ±>CH2). 1.33 (t. J=7.2 Hz, 3H, OCH2CÜ3). 1.79-1.88 (m, 1H. 

CH(ONs)CÜ2), 1.97-2.05 (m. 1H. CH(ONs)CÜ2), 4.34 (q, J=7.2 Hz. 2H, 
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0CÜ2). 5.64 (dd. J=3.4. J=8.2 Hz, 1H, CHONs), 8.28 and 8.54 (AA'BB', J=8.8 

Hz. 4H, aromatic CH); ™C NMR (400 MHz, CDCI3) 8 13.8. 13.9, 22.2, 24.4. 

30.78, 30.81, 63.3. 81.9, 124.4. 129.4, 141.8, 150.9, 159.5, 188.0; 13C NMR 

(400 MHz, acetone-d6) 5 14.0,14.1. 22.8, 24.9, 31.3, 31.4, 63.6, 83.0,125.6, 

130.4,142.3, 152.0.160.3.188.8; IR (neat) 3109. 2958, 2933, 2871, 1756, 

1731, 1608, 1535,1380, 1351,1312, 1188,1094, 942, 853, 618 cm*1; 

Analysis calc'd forCi6H2iN08S: C. 49.61; H, 5.46; N, 3.62; found: C, 49.48; 

H, 5.59; N. 3.59. 

Ethyl 3-carboethoxy-3-[(p-nitrobenzenesulfonyl)oxy]-2-oxo- 

butanoate, 15d. To a cooled solution (O °C) of 1-carboethoxy-1-(trimethyl- 

siloxy)-3-carboethoxypropene, 11d. (0.91g, 3.3 mmol) in ethyl acetate (50 

mL) was added p-NPSP (0.63g, 1.6 mmol). The mixture was allowed to stir 

for 4h at O °C. After 4h, the reaction was placed in the refrigerator overnight. 

The reaction mixture turned a pale yellow with a small amount of white 

precipitate. The solution was washed with cold water (2 x 25 mL) and once 

with brine (1 x 25 mL). The organic layer was dried over MgS04 and 

evaporated until 10 mL of liquid remained. Hexane was added until cloudy, 

and the solution was evaporated to dryness to afford a pale yellow oil. The oil 

was dissolved in ethyl acetate, and hexane was added until cloudy. A pale 

yellow oil (0.41g, 65%) was collected.: 1H NMR (400 MHz, CDCI3) 8 1.28 (t, 

J=7.2 Hz, 3H, OCH2CH3), 1.36 (t. J=7.2 Hz. 3H, OCH2CH3), 2.00 (s, 3H, 

Chb). 4.30 (q, 2H. J=7.2, OCH2), 4.33-4.39 (m, 2H, OCtfe). 8.16 and 8.42 

(AA'BB', J=8.8 Hz, 4H. aromatic CH); 1H NMR (400 MHz, acetone-d6) 8 1.25 

(t, J=7.2 Hz. 3H, OCH2CÜ3). 1.33 (t. J=7.2 Hz. 3H, OCH2CH3). 1.94 (s. 3H. 
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CÜ3), 4.26-4.32 (m, 2H, OCfcb), 4.35-4.41 (m, 2H, OCH2), 8.26 and 8.56 

(AA'BB', J=8.8 Hz, 4H, aromatic CH); 13C NMR (400 MHz, CDCI3) 5 13.8, 

13.9, 21.2, 63.4. 63.5. 88.7, 124.4, 129.2. 143.0. 150.9, 159.6. 165.2, 184.4; 

13C NMR (400 MHz, acetone-ck) 5 14.0, 14.1, 21.1, 64.0. 64.1, 89.4, 125.7, 

129.9, 143.6, 152.1, 160.1,165.6, 185.2; IR (neat) 3110. 2987, 1759, 1737. 

1609. 1537, 1371, 1352.1192, 1085, 1035, 941. 856, 745 cm-i; Analysis 

calc'd for Ci5H17NOioS: C, 44.67; H, 4.25; N, 3.47; found: C, 44.82; H, 

4.02; N, 3.41. 

Ethyl 3-[0>nitrobenzenesuIfonyl)oxy]-2-oxo-3-methylbutanoate, 

15e.  To a cooled solution (O °C) of 1 -carboethoxy-1-(trimethylsiloxy)-2- 

methylpropylene, 11e, (0.36g, 1.7 mmol) in ethyl acetate (40 mL) was added 

p-NPSP (0.61 g, 1.5 mmol). The mixture was allowed to stir for 4h at O °C. 

After 4h, the reaction was placed in the refrigerator overnight. The reaction 

mixture turned a pale yellow with a small amount of white precipitate. The 

solution was washed with cold water (2 x 25 mL) and once with brine (1 x 25 

mL). The organic layer was dried over MgS04 and evaporated until 10 mL of 

liquid remained. Hexane was added until cloudy, and the solution was 

evaporated to dryness to afford an off-white solid. Recrystallization from ethyl 

acetate/hexane gave of an off-white solid (0.32g, 61%).: m.p. 66-68° (dec); 

1H NMR (400 MHz, CDCI3) 8 1.38 (t. J=7.2 Hz, 3H, OCH2Ctb), 1-83 (s, 6H, 

CÜ3). 4.36 (q, J=7.2 Hz. 2H, OCM2). 8.14 and 8.41 (AA'BB', J=8.8 Hz, 4H. 

aromatic CH); ^H NMR (400 MHz. acetone-d6) 8 1.33 (t, J=7.2 Hz. 3H, 

OCH2CÜ3), 1.79 (s, 6H, CÜ3), 4.37 (q, J=7.2 Hz. 2H. OCi±>). 8.25 and 8.54 

(AA'BB'. J=8.8 Hz. 4H, aromatic CH); 13C NMR (400 MHz, CDCI3) 814.0. 
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25.2, 62.9, 91.8. 124.4, 129.0, 143.5, 150.7, 160.5, 191.5; 13C NMR (400 

MHz, acetone-de) 5 14.2, 25.2, 63.4, 92.6,125.6, 129.8, 144.4, 151.9,161.5, 

192.5; IR (KBr) 3116, 2993.1739.1607,1532.1363. 1350,1304.1235.1186, 

1132, 1091. 1051, 894 cm-1; Analysis calc'd for Ci3H15N08S: C. 45.22; H, 

4.38; N, 4.06; found: C, 45.12; H, 4.42; N, 4.11. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-2-oxo-3-cyclohexyl- 

propionate, 15f. To a cooled solution (0 °C) of 1-carboethoxy-1- 

(trimethylsiloxy)-2-cyclohexylethyiene, 11f, (0.41 g. 1.6 mmol) in ethyl acetate 

(40 mL) was added p-NPSP (0.61 g. 1.5 mmol). The mixture was allowed to 

stir for 4h at 0 °C. After 4h, the reaction was placed in the refrigerator 

overnight. The reaction mixture turned a pale yellow with a small amount of 

white precipitate. The solution was washed with cold water (2 x 25 mL) and 

once with brine (1 x 25 mL). The organic layer was dried over MgS04 and 

evaporated until 10 mL of liquid remained. Hexane was added until cloudy, 

and the solution was evaporated to dryness to afford a white solid. 

Recrystallization from ethyl acetate/hexane gave a white solid (0.34 g, 59%).: 

m.p. 103-105°; 'H NMR (400 MHz, CDCI3) 5 1.26-1.35 (m, 1H. CHH). 1.39 (t. 

J=7.2 Hz. 3H. OCH2CÜ3), 1.55-1.69 (m, 5H, CJ±> CH.HCH2). 1-98 (dt. J= 3.6, 

J=13.2 Hz, 2H, Cfcfe). 2.40 (d. J=14.0 Hz, 2H, CÜ2). 4.36 (q, J=7.2 Hz, 2H, 

OCH2), 8.17 and 8.42 (AA'BB', J=8.8 Hz, 4H, aromatic CH); 1H NMR (400 

MHz. acetone-de) 81.30-1.35 (m. 1H, CÜH), 1.32 (t. J=7.2 Hz. 3H. 

OCH2CH3), 1.50-1.65 (m, 5H. Cj±> CÜHCH2), 1.98 (dt. J= 4.0. J=13.2 Hz. 

2H. CH2), 2.36 (d, J=14.0 Hz, 2H. Cfcfc), 4.33 (q, J=7.2 Hz. 2H. OCM2), 8.28 

and 8.55 (AA'BB', J=8.8 Hz. 4H, aromatic CH); 1% NMR (400 MHz. CDCI3) S 
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14.0, 20.9, 24.3, 32.8, 62.8, 94.3, 124.3, 129.1,143.3, 150.7, 160.3, 191.5; 

13C NMR (400 MHz, acetone-d6) 8 14.2, 21.6, 24.9, 33.3, 63.2, 94.9, 125.6, 

129.9, 144.1,152.0. 161.1, 192.2; IR (KBr) 3104, 2943, 2873, 1740, 1605, 

1538, 1361, 1348, 1231, 1185, 1150. 189, 1018, 939. 888. 738 cm-1; Analysis 

calc'd for CneH^NOsS: C, 49.87; H. 4.97; N, 3.63; found: C. 49.92; H. 5.11; 

N, 3.59. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-3-phenyl-2-oxopropionate, 

15g. Dry zinc chloride (0.21 g. 1.5 mmol) and p-NPSP (0.60 g. 1.5 mmol) 

were placed in ethyl acetate (50 mL), and the suspension was allowed to stir 

for 20 minutes at 0 °C until the solution turned clear. Ethyl 3-phenylpyruvate, 

10g, (0.37 g, 1.9 mmol) was added, and the mixture was allowed to stir for 4 h 

at 0 °C. After 4h, the reaction was placed in the refrigerator overnight. The 

reaction mixture turned a pale yellow with a small amount of white precipitate. 

The solution was washed with cold water (2 x 25 mL) and once with brine (1 x 

25 mL). The organic layer was dried over MgS04 and evaporated until 10 mL 

of liquid remained. Hexane was added to the solution until cloudy, and the 

solution was evaporated to dryness to afford an orange solid.   Recrystalliz- 

ation from ethyl acetate/hexane gave a yellow solid (0.39 g, 67%).: m.p. 105- 

107°; 1H NMR (400 MHz, CDCI3) 5 1.26 (t. J=7.2 Hz. 3H. OCH2CH3), 4.22 

(dq, J= 7.2.10.6 Hz. 1H. OCHH). 4.27 (dq, J= 7.2,10.6 Hz. 1H. OCHH), 6.71 

(s. 1H. CfcKONs)). 7.26-7.37 (m. 5H, aromatic CH), 8.00 and 8.28 (AA'BB'. 

J=8.8 Hz. 4H. aromatic CH); *H NMR (400 MHz. acetone-d6) 51.21 (t. J=7.2 

Hz. 3H. OCH2CH3), 4.20 (dq. J=7.2. J=10.2 Hz, 1H, OCH2), 4.25 (dq. J=7.2. 

J=10.2 Hz. 1H. OCH2). 6.81 (s. 1H. CfcKONs)). 7.32-7.40 (m, 5H. aromatic 
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CH), 8.10 and 8.38 (AA'BB', J=8.8 Hz, 4H, aromatic CH); 13Q NMR (400 

MHz, CDCI3) 8 13.8, 63.3, 83.2. 124.2, 129.1, 129.2,129.29,129.33, 130.7, 

142.3,150.7. 159.0, 184.3; 13C NMR (400 MHz, acetone-d6) S 14.0, 63.6. 

84.6, 125.3, 128.3, 130.00,130.04. 130.3, 131.2.142.9,151.8.159.7,185.2; 

IR (KBr) 3109, 2957, 1752,1740.1609.1538,1379,1353,1191, 1076. 951, 

850. 742, 626 cm'1; Analysis calc'd forCi7H15N08S: C, 51.91; H, 3.84; N, 

3.56; found: C, 51.96; H, 4.00; N, 3.50. 

Methyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-dihydroxy-propionate, 

16a. The NMR of methyl 3-[(/>nitrobenzenesulfonyl)oxy]-2-oxo-propionate, 

15a, in acetone-d6 was measured at regular time intervals after D2O (drop) 

was added. After 15 minutes, the *H NMR showed 15a was (99%) hydrated.: 

1H NMR (400 MHz, acetone-do) 8 3.72 (s, 3H, OCH3), 4.28 (s. 2H. CH2ONS), 

8.24 and 8.54 (AA'BB', J=8.8 Hz, 4H, aromatic CH); 13C NMR (400 MHz, 

acetone-cte) 8 53.2, 73.3, 92.4, 125.4, 130.4. 141.8. 151.8. 170.6. 

Ethyl 3-[(/>nitrobenzenesulfonyl)oxy]-2-dihydroxy-4- 

phenylbutanoate, 16b. The NMR of ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2- 

oxo-4-phenylbutanoate, 15b, was measured at regular time intervals after 

D2O (drop) was added. After 30 minutes, the 1H NMR showed 15b was 

(96%) hydrated.: *H NMR (400 MHz, acetone-d6) 81.32 (t, J=7.2 Hz. 3H, 

CJ±3). 2.92 (dd. J=10.2, J=14.8 Hz. 1H, Ph-Ctk). 3.23 (dd. J=2.0. J=14.8 Hz, 

1H, Ph-CJ±>). 4.13 (d, J=4.6 Hz. 2H. CMg). 4.21 (dq, J=4.6. J=7.2 Hz. 2H, 

CH2). 5.29 (dd, J=2.0. J=10.2 Hz, 1H, CHONs). 7.07-7.16 (m, 5H, aromatic 

CH), 7.71 and 8.24 (AA'BB', J=8.8 Hz. 4H. aromatic CH); 13c NMR (400 
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MHz, acetone-dö) 6 14.1. 35.7. 63.0. 88.3. 94.1. 124.9, 127.3, 129.2, 129.4, 

130.3, 137.4, 143.7, 151.0, 170.9. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-2-dihydroxyoctanoate, 16c. 

The NMR of ethyl 3-(p-nitrobenzenesulfonyl)oxy]-2-oxo-octanoate, 15c, was 

measured at regular time intervals after D2O (drop) was added. After 240 

minutes, the 1H NMR showed 15c was (86%) hydrated.: 1H NMR (400 MHz, 

acetone-cfe) 5 0.86 (t, 3H, J=6.8, CH2- CH3), 1.23-1.35 (m, 6H, 

CH3CH2CH2CH2). 1.25 (t, J=7.2 Hz, 3H, OCH2CH3), 1.76-1.88 (m, 2H, 

CH(ONs)CÜ2), 4.10 (dq, J=7.2. J=10.8 Hz, 1H. OCH2). 4.19 (dq, J=7.2, 

J=10.8 Hz. 1H. OCH2). 4.98 (dd, J=3.6, J=9.0 Hz, 1H, CHONs), 8.21 and 

8.47 (AA'BB', J=8.8 Hz. 4H, aromatic CH); 13C NMR (400 MHz, acetone-d6) 5 

14.12. 14.15. 22.9. 25.8. 29.7, 31.9, 62.7, 87.4, 94.2. 124.9. 130.0, 144.2, 

151.3. 170.9. 

Ethyl 3-carboethoxy-3-[(p-nltrobenzenesulfonyl)oxy]-2-dihydroxy- 

butanoate, 16d. The NMR of ethyl 3-carboethoxy-3-[(p-nitrobenzene- 

sulfonyl)oxy]-2-oxo-butanoate. 15d, was measured at regular time intervals 

after D2O (drop) was added. After 120 minutes, the 1H NMR showed 15d 

was (84%) hydrated.: 1H NMR (400 MHz, acetone-do) s 1.16 (t, J=7.2 Hz, 

3H. OCH2CÜ3). 1.28 (t. J=7.2 Hz, 3H, OCH2CH3). 1.95 (s, 3H, CH3), 4.14- 

4.20 (m. 2H. OCH2). 4.26 (q. 2H, J=7.2, OCtU). 8.28 and 8.53 (AA'BB'. J=8.8 

Hz, 4H. aromatic CH); i:*C NMR (400 MHz, acetone-d6) 5 14.0.14.1,18.2, 

63.1. 63.2, 92.2. 95.3. 125.2. 129.7, 144.7, 151.5, 168.5, 170.0. 
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Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-dihydroxy-3-methyl- 

butanoate, 16e. The NMR of ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-oxo-3- 

methylbutanoate, 15e, in acetone-dg was measured at regular time intervals 

after D20 (drop) was added. After 60 minutes, the 1H NMR showed 15e was 

(71%) hydrated, however, the elimination product and other unidentified side 

products were seen after 15 minutes. More decomposition occurred with 

time.: 1H NMR (400 MHz, acetone-d6) 8 1.22 (t, J=7.2 Hz. 3H, OCH2CH3), 

1.72 (s. 6H. CH3), 4.21 (q, J=7.2 Hz, 2H. OCH2}. 8.21 and 8.50 (AA'BB", 

J=8.8 Hz, 4H, aromatic CH); ™C NMR (400 MHz, acetone-d6) 8 14.2, 22.4, 

62.9, 96.1, 97.2. 125.3, 129.6, 145.8, 151.4, 171.4. 

Ethyl 3-cyclohexene-2-oxo-acetate, 17. The NMR of ethyl 3-(/> 

nitrobenzenesulfonyl)oxy]-2-oxo-3-cyclohexylpropionate, 15f, in acetone-dß 

was measured at regular time intervals after D2O was added. After 48 h, the 

1H NMR showed 15f had decomposed.: 1H NMR (400 MHz, acetone-d6) 5 

1.329 (t. J=7.2 Hz. 3H. CM3). 1.671 (t, J=2.8 Hz, 4H. CH2CH2), 2.198 (brs, 

2H. Cfcfe). 2.348 (br s, 2H. CÜ2), 4.334 (q. J=7.2 Hz. 2H. OCH2). 6.986 (t, 

J=3.6 Hz. 1H. CH=C); 13C NMR (400 MHz, acetone-cfe) 8 14.3, 22.18. 22.20, 

22.6. 27.2. 62.6. 136.6. 150.6, 166.1,189.8. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-3-phenyl-2-dihydroxy- 

propionate, 16g. The NMR of ethyl 3-(p-nitrobenzenesulfonyl)oxy]-3-phenyi- 

2-oxopropionate, 15g, in acetone-dg was measured at regular time intervals 

after D20 (drop) was added. After 45 minutes, the 1H NMR showed 15g was 

(97%) hydrated.: 1H NMR (400 MHz, acetone-d6) 8 1.28 (t, J=7.2 Hz. 3H, 
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OCH2CH3). 4.18 (q, J=7.2 Hz, 2H. OCH2). 5.81 (s, 1H, CH(ONs)), 7.13-7.22 

(m, 3H, aromatic CH), 7.33 (d, J=7.2 Hz, 2H, aromatic CH), 7.92 and 8.25 

(AA'BB', J=8.8 Hz, 4H. aromatic CH); I3Q NMR (400 MHz, acetone-d6) 5 

14.2. 62.9, 86.6. 94.5,124.9, 128.3. 129.6, 130.2, 130.5, 133.2, 143.4, 151.3. 

170.8. 

Methyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-propionate, 18a. 

Methyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-oxo-propionate, 15a, (0.41 g, 1.4 

mmol) was dissolved in tetrahydrofuran (40 mL) and cooled to 0 °C. Sodium 

triacetoxyborohydride (0.32 g, 1.5 mmol) was added, and the reaction mixture 

was allowed to stir for 18 h at room temperature. Ethyl acetate (40 mL) was 

added, and the reaction mixture was washed with water (3 x 40 mL) and with 

brine (1 x 40 mL). The aqueous layers were washed with ethyl acetate, and 

the combined organic layers were dried over MgSCv». passed over a pad of 

silica gel, and evaporated to give a yellow oil. Recrystallization from ethyl 

acetate/hexane afforded a yellow solid (0.25 g, 61%).: m.p. 80-82°; 1H NMR 

(400 MHz, CDCI3) 63.83 (s, 3H. OCH3). 4.40 (t, J=2.8 Hz, 1H, CHOH). 4.44 

(d. J=2.8 Hz, 2H, CH ONs), 8.12 and 8.41 (AA'BB', J=8.4 Hz, 4H, aromatic 

CH); 13C NMR (400 MHz. CDCI3) 653.4. 69.0. 71.4.124.4.129.4, 141.4, 

150.9. 171.1; IR(KBr) 3514. 3118.2968. 1735, 1610. 1543. 1367. 1351, 

1255, 1181,1131, 975, 929,778, 617 crrri; Analysis calc'd for C10H11 NOaS: 

C. 39.35; H, 3.63; N, 4.59; found: C. 39.51; H, 3.75; N, 4.58. 

Ethyl 3-[(/>nitrobenzenesulfonyl)oxy]-2-hydroxy-4-phenyl- 

butanoate, 18b. Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-oxo-4-phenyl- 
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butanoate, 15b. (0.35 g, 0.86 mmol) was dried by toluene reflux. After 

evaporation of the toluene, tetrahydrofuran (40 mL) was added, and the 

solution was cooled to 0°C. Sodium triacetoxyborohydride borohydride (0.21 

g. 0.99 mmol) was added, and the mixture was allowed to stir for 11 h at room 

temperature. Ethyl acetate (40 mL) was added, and the reaction mixture was 

washed with water (3 x 40 mL) and with brine (1 x 40 mL). The aqueous 

layers were washed with ethyl acetate, and the combined organic layers were 

dried over MgSCXt, passed over a pad of silica gel, and evaporated to give a 

yellow oil. Recrystallization from ethyl acetate/hexane afforded a pale, yellow 

solid (0.27 g. 77 %).: m.p. 73-74°; ^H NMR (400 MHz, CDCI3) 5 1.32 (t, J=7.2 

Hz, 3H. OCH2CH3), 3.05 (dd, J=7.4, J=13.8 Hz. 1H. Ph-CHH), 3.16 (dd. J= 

7.4, J=13.8 Hz, 1H. Ph-CHH), 4.19 (dq. J=7.2, J=10.6 Hz. 1H. OCHH), 4.21 

(dd. J=2.2, J=4.2 Hz, 1H. CHOH), 4.27 (dq. J=7.2, J=10.6 Hz. 1H, OCHH), 

5.23 (ddd, J=2.2. J=7.4, J=7.4 Hz, 1H, CHONs). 7.16-7.22 (m, 5H, aromatic 

CH). 7.83 and 8.24 (AA'BB\ J=8.8 Hz. 4H. aromatic CH); 'H NMR (400 MHz, 

acetone-de) 5 1.22 (t. J=7.2 Hz, 3H, OCH2CH3), 3.01 (dd, J=7.4, J=13.6 Hz. 

1H, Ph-CHH). 3.23 (dd, J=7.4. J=13.6 Hz, 1H. Ph-CHH). 4.03 (dq. J=7.2, 

J=10.6 Hz, 1H, OCHH). 4.12 (dq. J=7.2, J=10.6 Hz. 1H, OCHH). 4.23 (dd, 

J=2.2, J=7.2 Hz, 1H, CHOH). 4.78 (d, J=7.2 Hz. 1H, CHOH). 5.19 (ddd, 

J=2.2, J=7.4, J=7.4 Hz. 1H, CHONs), 7.19-7.22 (m, 5H, aromatic CH), 8.01 

and 8.39 (AA'BB". J=8.8 Hz. 4H. aromatic CH); 13C NMR (400 MHz. CDCI3) S 

14.0, 37.3. 62.9. 70.7. 84.2,124.2.127.3.128.82.128.84.129.6. 135.0. 

142.2. 150.5. 171.4; IR (KBr) 3491. 3129. 3001. 1743.1608. 1527. 1373. 

1350,1252. 1189. 1108, 1016.901, 855. 758. 629 cm-i; Analysis calc'd for 

C^H^NOaS: C, 52.81; H, 4.68; N. 3.42: found: C. 52.90; H. 4.69; N. 3.38. 
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Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-4-octanoate, 18c. 

Ethyl 3-(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-4-octanoate, 15c, (0.33 g, 

0.85 mmol) was dissolved in tetrahydrofuran (40 mL), and the mixture was 

cooled to 0°C. Sodium triacetoxyborohydride (0.20 g, 0.94 mmol) was added, 

and the mixture was allowed to stir overnight at room temperature. Ethyl 

acetate (40 mL) was added, and the reaction mixture was washed with water 

(3 x 40 mL) and with brine (1 x 40 mL). The aqueous layers were washed 

with ethyl acetate, and the combined organic layers were dried over MgSO<t, 

passed over a pad of silica gel, and evaporated to give an orange oil. Using 

radial chromatography (ethyl acetate:hexane. 1:4), the crude was purified to 

give a yellow oil (0.23 g, 70%).: *H NMR (400 MHz, CDCI3) S 0.87 (t, J=6.4 

Hz, 3H, CH2 CH3), 1.27-1.35 (m, 6H. CH2CH2CH2CH3), 1.33 (t. J=7.2 Hz, 

3H, OCH2CH3). 1.72-1.81 (m, 1H, CEHCH(ONs)), 1.82-1.91 (m, 1H, 

CHHCH(ONs)), 2.99 (br s. 1H, CHOH), 4.19 (dq, J=7.2, J=10.6 Hz, 1H, 

OCHH), 4.26 (d, J=2.0 Hz, 1H, CHOH). 4.29 (dq, J=7.2, J=10.6 Hz. 1H, 

OCH.H), 5.06 (ddd, J=2.0, J=7.4, J=7.4 Hz, 1H. CfclONs), 8.09 and 8.39 

(AA'BB\ J=8.8 Hz. 4H, aromatic CH); ^C NMR (400 MHz, CDCI3) 8 13.9. 

14.0, 22.4, 24.8, 31.0.31.3, 62.8, 71.2, 83.7, 124.3, 129.1. 142.7,150.7. 

171.6; IR (neat) 3493. 3109, 2957, 2933, 2872, 1742.1608. 1535, 1351, 

1186. 1096, 904, 854,746 cm"1; Analysis calc'd forCi6H23N08S: C, 49.35; 

H. 5.95; N, 3.60; found: C, 49.15; H. 5.91; N, 3.47. 

Ethyl 3-carboethoxy-3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy- 

butanoate, 18d. Ethyl 3-carboethoxy-3-[(p-nitrobenzenesulfonyl)oxy]-2- 

hydroxy-butanoate. 15d. (0.42 g, 1.0 mmol) was dissolved in tetrahydrofuran 
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(40 mL) and cooled to 0 °C. Sodium triacetoxyborohydride (0.25 g, 1.2 mmol) 

was added, and the reaction mixture was allowed to stir for 18 h at room 

temperature. Ethyl acetate (40 mL) was added, and the reaction mixture was 

washed with water (3 x 40 mL) and with brine (1 x 40 mL). The aqueous 

layers were washed with ethyl acetate, and the combined organic layers were 

dried over MgS04, passed over a pad of silica gel, and evaporated to give a 

give a clear oil (0.34 g, 81 %). Roughly a 2:3 ratio of the two sets of 

diastereomers was obtained. Decomposition prevented the separation of the 

diastereomers.: 1H NMR (400 MHz, CDCI3) 51.16 (t, J=7.2 Hz. 3H, 

OCH2CH3), 1.27 (t, J=7.2 Hz, 3H. OCH2CH3), 1.331 (t, J=7.2 Hz, 3H, 

OCH2CH3). 1.335 (t, J=7.2 Hz. 3H, OCH2CH3), 1.97 (s, 3H, CH3), 1.99 (s, 

3H, CH3). 3.45 (br s. 1H, CHOH), 4.17 (q, 2H, J=7.2, OCH2), 4.27 (q, 2H, 

J=7.2, OCH2), 4.30 (q, 2H, J=7.2, OCfcfc). 4.31 (q, 2H, J=7.2. OCH2). 4.44 (s, 

1H, CHOH), 8.17 and 8.39 (AA'BB', J=8.8 Hz. 4H, aromatic CH), 8.18 and 

8.38 (AA'BB'. J=8.8 Hz. 4H, aromatic CH); "C NMR (400 MHz, CDCI3) 8 

13.9, 14.0. (14.0), (14.0), 19.3,20.0, 62.75. 62.80. 62.9. 63.0, 74.6, 75.1. 

90.8. 90.9, 124.17, 124.23. 128.9, 129.1. 143.8. 143.9, 150.5, 150.6, 167.7, 

168.0. 169.6, 169.9; !R (neat) 3491, 3109, 2986.1745,1609, 1534, 1352, 

1268. 1191,1109. 1015. 916, 855,745 cm-1. 

2-Carboethoxy-1-hydroxy-cyclohexene, 19. Ethyl 3-(p-nitroben- 

zenesulfonyl)oxy]-2-oxo-3-cyc!ohexylpropionate, 15f, (0.26g, 0.67 mmol) was 

dissolved in tetrahydrofuran (40 mL) and cooled to 0 °C  Sodium triacetoxy- 

borohydride (0.16g, 0.75 mmol) was added, and the reaction was allowed to 

stir overnight at room temperature. Ethyl acetate (40 mL) was added, and the 
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organic layer was washed with water (3 x 25 mL) and with brine (1 x 25 mL). 

The combined aqueous layers were washed with ethyl acetate, dried over 

MgS04. and evaporated to give a pale yellow oil (0.13g, >100%). The crude 

was purified by kugelrohr distillation and later by preparative tic to afford 

enough sample for structure determination.: 1H NMR (400 MHz, CDCI3) 8 

1.29 (t. J=7.2 Hz. 3H, OCH2CH3), 1.53-1.67 (m, 4H, CH2CH2), 1.75-1.80 (m, 

1H, CH2). 2.06-2.08 (m, 2H, Ctfe). 2.15 (m, 1H, CH2). 3.07 (d, J=5.2 Hz, 1H. 

CHOH), 4.25 (dq, J=4.2, J=7.2 Hz, 1H, OCHH), 4.27 (dq, J=4.2, J=7.2 Hz, 

1H, OCHH), 4.47 (d. J= 5.2 Hz, 1H, CHOH). 5.83 (br s. 1H, C=CH); ™C NMR 

(400 MHz, CDCI3) 6 14.2, 22.1, 22.4. 23.7. 25.1. 61.9. 75.4, 127.4, 134.9, 

174.0; IR (neat) 3484, 2930. 2858, 1733, 1673. 1535, 1449, 1369. 1257. 

1203, 1165.1092. 1068. 1043. 1022 cm-1. 

Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-acetoxy-4-phenyl- 

butanoate, 20b. Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy-4-phenyl- 

butanoate, 18b. (0.30g, 0.73 mmol) was dissolved in methylene chloride (40 

mL), and acetyl chloride (1.4 mL, 1.55 g, 19.7 mmol), pyridine (0.50 mL, 0.49 

g, 6.2 mmol) and 4-dimethylaminopyridine (0.046g. 0.38 mmol) were added. 

The reaction was allowed to stir for 6 h at room temperature. The reaction 

was washed with dilute hydrochloric acid (1N. 1 x 40 mL), saturated 

bicarbonate (1 x 40 mL), and brine (1 x 40 mL). The combined aqueous 

layers were washed with methylene chloride (1 x 40 mL). The combined 

organic phases were dried over MgS04, passed over a small pad of silica gel, 

and evaporated to yield an orange oil. Recrystallization from ethyl 

acetate/hexane afforded a yellow solid (0.31 g. 94%).: *H NMR (400 MHz. 
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CDCI3) S 1.26 (t, J=7.2 Hz, 3H, OCH2CH3), 2.23 (s. 3H, Cfcb), 3.06 (d, J=7.4 

Hz, 2H. Ph-Cüg), 4-12 (dq. J=7-2. J=10.4 Hz, 1H, OCHH). 4.16 (dq, J=7.2, 

J=10.4 Hz, 1H, OCHH), 5.13 (d, J=2.8 Hz, 1H, CH(OAc)), 5.40 (dt, J=2.8, 

J=7.4 Hz, 1H, CHONs), 7.04-7.07 (m. 2H. aromatic CH), 7.19-7.21 (m, 3H. 

aromatic CH). 7.81 and 8.22 (AA'BB'. J=8.8 Hz, 4H, aromatic CH); 13C NMR 

(400 MHz, CDCI3) 513.9, 20.4, 37.5. 62.4, 71.8, 82.1, 124.2. 127.5, 128.91, 

128.92, 129.3, 134.5, 142.0,150.5,166.5, 169.7; (R (KBr) 3113. 2987, 1757, 

1737, 1611. 1534, 1380. 1351. 1313. 1275, 1227, 1184, 1097, 1029, 918, 

855. 776, 740 cm"1; Analysis calc'd for C20H21NO9S: C, 53.21; H, 4.69; N, 

3.10; found: C, 52.96; H, 4.45; N, 3.13. 

Ethyl 3-carboethoxy-3-[(p-nitrobenzenesulfonyl)oxy]-2- 

acetoxybutanoate, 20d. Ethyl 3-carboethoxy-3-[(p-nitrobenzenesulfonyl)- 

oxy]-2-hydroxybutanoate, 18d. (0.25 g, 0.62 mmol) was dissolved in 

methylene chloride (40 mL), and acetyl chloride (0.50 mL, 0.55 g, 7.0 mmol), 

pyridine (0.10 mL, 0.098 g, 1.2 mmol), and DMAP (0.022 g, 0.2 mmol) were 

added. The reaction was allowed to stir for 4 h at room temperature. The 

reaction mixture was washed with dilute HCI (1 M, 1 x 40 mL), with saturated 

bicarbonate (1 x 40 mL), and with brine (1 x 40 mL). The combined aqueous 

layers were washed with methylene chloride (1 x 40 mL). The combined 

organic layers were dried over MgSC-4. passed over a small pad of silica gel, 

and evaporated to yield a clear oil (0.24 g, 86 %). The crude mixture 

consisted of two sets of diastereomers in a 1:1 ratio. The diastereomers were 

separated by HPLC (20.5 mL/min, hexane:ethyl acetate = 4:1). Two fractions 

(61 %) in a 52:48 ratio were collected. Compound at fa 15.34 min (major, 
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0.09 g, 32 %).: 1H NMR (400 MHz, CDCI3) 8 1.25 (t, J=7.2 Hz, 3H, 

OCH2Chb), 1.32 (t. J=7.2 Hz, 3H, OCH2CH3). 2.01 (s. 3H, CH3), 2.14 (s. 3H, 

CH3). 4.20 (dq, 1H, J=7.2, J=7.2. OCHH). 4.21 (dq, 1H, J=7.2, J=7.2, OCHH), 

4.29 (dq, 1H, J=7.2, J=7.2, OCHH), 4.30 (dq, 1H, J=7.2, J=7.2. OCHH), 5.34 

(s, 1H, CHOAc), 8.16 and 8.40 (AA'BB". J=8.8 Hz, 4H, aromatic CH); 13C 

NMR (400 MHz, CDCI3) 8 13.9, (13.9), 19.3. 20.4, 62.5. 63.0. 75.2. 88.2. 

124.2, 129.0, 143.6. 150.6. 164.9,166.9,169.4; IR (neat) 3109, 2986, 1756, 

1609, 1537, 1373, 1353, 1192, 1086, 1020. 938, 854. 746 cm-"1; Analysis 

calc'dforCi7H2iNOnS: C. 45.64; H, 4.73; N, 3.13; found: C, 45.45; H, 

4.77; N, 3.02. 

Compound at /R 16.92 min (minor, 0.08 g, 29 %).: 1H NMR (400 MHz, 

CDCI3) S 1.15 (t. J=7.2 Hz, 3H. OCH2CÜ3). 1.33 (t, J=7.2 Hz, 3H, OCH2CH3), 

1.97 (s, 3H, CH3), 2.17 (s, 3H, CH3), 4.12 (dq. 1H. J=7.2, J=10.2, OCHH), 

4.16 (dq. 1H, J=7.2, J=10.2, OCHH), 4.31 (q, 2H. J=72, OCH2), 5.37 (s, 1H. 

CHOAc), 8.18 and 8.38 (AA'BB', J=8.8 Hz. 4H. aromatic CH); I3Q NMR (400 

MHz. CDCI3) S 13.9. 14.0. 20.1, 20.4, 62.3, 63.1, 74.6, 88.3. 124.1, 128.9, 

143.9, 150.5. 165.1, 167.1. 169.4; IR (neat) 3109, 2985, 1759, 1609, 1535, 

1373. 1352, 1264. 1213. 1192, 1088. 939. 855. 746 cm-1; Analysis calc'd for 

C17H21NO11S: C. 45.64; H. 4.73; N, 3.13; found: C, 45.82; H, 4.69; N, 

2.99. 

cis-Ethyl 4-phenyl-2,3-oxlranebutanoate, 22b. Ethyl 3-[(p-nitro- 

benzenesulfonyl)oxy]-2-hydroxy-4-phenylbutanoate, 18b. (0.26g. 0.64 mmol) 

was dissolved in absolute ethanol (8 mL), and dry potassium carbonate (0.31 

g, 2.26 mmol) was added. The reaction was allowed to stir for 24 h at room 
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temperature. Diethyl ether (45 ml) was added, and the organic layer was 

washed with water (40 mL). The layers were separated, and the aqueous 

phase was washed with ether (2 x 30 mL). The combined organic phases 

were washed with brine (25 mL), dried over MgSCU, and evaporated to 

dryness to afford a pale yellow oil (0.11 g, 85 %). The crude was purified by 

kugelrohr distillation to afford a pale yellow oil (0.10 g, 77 %).: ^H NMR (400 

MHz, CDCI3) 5 1.32 (t. J=7.2 Hz, 3H, OCH2CH3), 2.90 (dd, J=6.4, J=14.8 Hz, 

1H, Ph-CHH), 3.11 (dd, J=6.0, J=14.8 Hz, 1H, Ph-CHH), 3.39 (dt. J=4.8, 

J=6.4 Hz, 1H, C(01HC02), 3.57 (d, J=4.8 Hz, 1H, PhCH2C(0)H), 4.30 (q, 

J=7.2 Hz, 2H, OCH2). 7.21-7.34 (m, 5H, aromatic CH); "c NMR (400 MHz, 

CDCI3) 5 14.3, 33.8, 52.8. 57.7, 61.6, 126.9. 128.7. 128.9, 136.6, 168.3; IR 

(neat) 2983,1749,1605,1497,1455,1380,1255,1091, 1198.1032 cm*1. 

c/s-Ethyl 2,3-oxirane octanoate, 22c. Ethyl 3-[(p-nitrobenzene- 

sulfonyl)oxy]-2-hydroxy-4-octanoate, 18c, (0.20 g. 0.51 mmol) was dissolved 

in absolute ethanol (8 mL), and dry potassium carbonate (0.31 g, 2.2 mmol) 

was added. The reaction was allowed to stir for 24 h at room temperature. 

Diethyl ether (45 mL) was added, and the organic layer was washed with 

water (40 mL). The layers were separated, and the aqueous phase was 

washed with ether (2 x 30 mL). The combined organic phases were washed 

with brine (25 mL), dried over MgS04, and evaporated to dryness to afford a 

pale yellow oil. The crude was separated using preparative tic (ethyl acetate: 

hexane, 1:4) to afford a yellow oil (0.043 g, 45 %).: 1H NMR (400 MHz, 

CDCI3) 5 0.89 (t. J=6.8 Hz. 3H, CH2- Cfcb), 1.31 (t, J=7.2 Hz, 3H, OCH2CJ±3). 

1.50-1.75 (m, 8H, CfckCfckCHaCfcb), 3.17 (dt, J=4.8. J=5.8 Hz, 1H. 
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CH2CH(0)). 3.51 (d. J=4.8 Hz, 1H, CH(0)C02Et). 4.26 (dq, J=2.0, J=7.2 Hz, 

2H, OCH2); 13c NMR (400 MHz, CDCI3) 513.9,14.2.22.5, 25.8, 27.2. 31.4, 

62.9, 57.7, 61.4,168.4; IR (neat) 2928. 2859. 1753.1467, 1380, 1258. 1197, 

1029,912,732 cm-1. 

Ethyl 2,3-dihydroxy octanoate, 23 This compound was isolated as a 

side product during the purification of ethyl 2,3-oxirane octanoate, 22c, by 

preparative tic. Evidently, the silica gel was wet, and the ring-opening 

occurred while the glycidic ester was on the silica gel.: * H NMR (400 MHz, 

CDCI3) 5 0.90 (t, J=6.8 Hz. 3H, CH2- CH3), 1.32 (t. J=7.0 Hz, 3H, OCH2CH3), 

1.38-1.60 (m, 8H, CH2CH2CH2CH2). 3.84-3.91 (m. 1H, CH2CH(OH)), 4.09 (d, 

J=1.6, CH(OH)C02Et), 4.22 (d, J=3.6 Hz. 1H, CH(OH)C02Et), 4.30 (q, J=7.2 

Hz, 2H, OCfch); 13C NMR (400 MHz, CDCI3) 514.0, (14.0). 14.17, 14.19, 

22.5, 22.6, 25.38. 25.40. 31.7, 33.8, 62.0, 62.2, 72.5, 73.0, 73.2, 73.9. 172.8, 

173.7; IR (neat) 3419, 2930, 2860,1733, 1467,1378, 1205. 1136, 1095 cm"1. 

Ethyl 3-morpholino-2-oxo-4-phenyl butanoate, 24. Ethyl 3-[(/> 

nitrobenzenesulfonyl)oxy]-2-oxo-4-phenylbutanoate, 15b, (0.30 g, 0.74 mmol) 

was dried by toluene reflux. The solvent was evaporated, and the starting 

material was dissolved in acetonitrile (50 mL) and cooled to 0 °C. Morpholine 

(0.13 mL, 0.13 g, 1.5 mmol) was added, and the reaction mixture was allowed 

to stir for 4.5 h at 0 °C. Methylene chloride (50 mL) was added, and the 

organic layers were washed with cold water (2 x 25 mL) and with cold brine (1 

x 25 mL). The combined aqueous extracts were combined and washed with 

methylene chloride (1 x 50 mL). The combined organic phases were dried 
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over MgS04 and evaporated to afford a yellow oil. The crude was dissolved 

in methylene chloride, filtered through cotton to remove the salt, and hexane 

was added until cloudy. A small additional amount of precipitate was 

collected, and the filtrate was evaporated to yield (0.17 g, 81 %) the desired 

product.: 1H NMR (400 MHz, CDCI3) 5 1.32 (t, J=6.8 Hz, 3H, CH2CH3). 2.62 

(t, J=4.2 Hz, 4H. N-(CÜ2)2). 2-89 (dd. J=5.6, J=13.8 Hz. 1H, PhCHH), 3.05 

(dd, J=8.6, J=13.8 Hz, 1H, PhCHH). 3.56-3.64 (m, 4H, C-(CÜ2)2). 4.16 (dd, 

J=5.6, J=8.6 Hz. 1H. CHN), 4.28 (q, J=6.8 Hz, 2H, OCH2CH3), 7.21-7.27 (m, 

5H, aromatic CH); 13Q NMR (400 MHz, CDCI3) 8 13.1, 28.6, 48.5, 61.0, 66.3, 

68.7, 125.4. 127.6,128.3, 137.1. 162.8. 190.6; IR(neat) 2962, 2854,1744. 

1728, 1604, 1455, 1262, 1117.1070.1024, 737, 701 crrr1. 

Ethyl 3-morpholino-2-hydroxy-4-phenyl butanoate, 25. Ethyl 3- 

morpholino-2-oxo-4-phenyl butanoate. 24, (0.06 g, 0.21 mmol) was dissolved 

in a mixture (99:1) of tetrahydrofuran (37.8 mL) and methanol (0.4 mL). The 

solution was cooled to -78 °C, and sodium borohydride (0.049 g. 1.3 mmol) 

was added. The reaction was allowed to stir for 30 minutes at -78 °C. Water 

(50 mL) was added and the pH was adjusted to neutral. The aqueous layer 

was extracted with ethyl acetate (3 x 40 mL). The organic layers were 

combined, dried over MgS04, evaporated to yield an off-white solid (0.70 g, 

>100%). Purification using preparative tic (ethyl acetate: hexane. 2:3) was 

done. A clear oil (0.20 g. 33 %) was obtained.: 1H NMR (400 MHz, CDCI3) 8 

1.26 (t. J=7.2 Hz. 3H. CH2CÜ3), 2.54-2.58 (m. 2H. N-tCHg)). 2.83-2.88 (m, 

2H, N-(CH2)). 2.94-2.96 (m, 2H, PhCfctj). 3.03-3.08 (m. 1H, CHN), 3.62-3.63 

(m. 4H, 0-(Cä2)2), 4.01 (d. J=4.8 Hz. 1H, CHOH), 4.12 (dq. J=7.2. J=10.8 Hz, 
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1H. OCHH), 4.22 (dq, J=7.2, J=10.8 Hz, 1H. OCHH). 7.21-7.30 (m. 5H, 

aromatic CH); 1H NMR (400 MHz, acetone-d6) 5 1.22 (t, J=7.2 Hz, 3H, 

CH2CH3), 2.51-2.56 (m. 2H, N-fCH^)), 2.83 (br s, 2H, N-fCHg)), 2.93-2.98 (m, 

2H, PhCH2). 3.05-3.09 (m, 1H, CHN), 3.53 (dt. J=3.6, J=5.6 Hz, 4H, O- 

(Cth)2). 4.02 (d, J=4.0 Hz. 1H, CHOH). 4.07 (dq, J=7.2, J=10.8 Hz, 1H, 

OCHH), 4.22 (dq, J=7.2, J=10.8 Hz. 1H, OCHH), 7.18-7.21 (m, 2H, aromatic 

CH), 7.27-7.34 (m, 3H. aromatic CH); 13C NMR (400 MHz, CDCI3) 5 13.3, 

29.8, 49.7, 60.4, 66.5. 67.2, 71.2, 125.3, 127.5,128.3, 138.2, 173.2; IR (neat) 

3495, 2950, 2931, 2853, 1733. 1614, 1455, 1253, 1186, 1118, 1017, 923, 

742,701 cm-1. 

Reaction of Ethyl 3-carboethoxy-3-[(p-nitrobenzenesuifonyl)oxy]- 

2-oxo-butanoate, 15d, with DBU. Ethyl 3-carboethoxy-3-[(p-nitrobenzene- 

sulfonyl)oxy]-2-oxo-butanoate, 15d, (0.24 g, 0.60 mmol) was dissolved in 

acetonitrile (50 mL) and cooled to 0 °C. DBU (0.09 ml, 0.0929g, 0.60 mmol) 

was added, and the reaction was allowed to stir for 5h at 0 °C. Methylene 

chloride (50 mL) was added, and the organic layer was washed with cold 

water (2 x 25 mL) and with brine (1 x 25 mL). The combined aqueous layers 

were washed with methylene chloride (1 x 25 mL). The combined organic 

layers were dried over MgS04 and evaporated to dryness to afford a pale 

yellow oil (0.14 g). A mixture of three products was obtained. Purification by 

radial chromatography was done (ethyl acetate: hexane, 1:4). The first 

fraction (0.049 g) contained ethyl 2-[(p-nitrobenzenesulfonyl)oxy] propanoate, 

29 (27 %) and another unidentifiable compound.: 1H NMR (400 MHz. CDCI3) 

8 1.23 (t. J=7.2 Hz. 3H. OCH2Cfcb). 1.60 (d. J=7.2 Hz. 3H. Chb). 4.15 (q, 
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J=7.2 Hz, 2H. OCM2), 5.10 (q. J=7.2 Hz, 1H, CHCH3), 8.16 and 8.40 (AA'BB', 

J=8.8 Hz, 4H, aromatic CH); IR (neat) 3109, 2985, 1750, 1608, 1537, 1352, 

1303, 1189 cm-1; CnH^NOyS. The third compound was identified as ethyl 

2-hydroxy-2-0>nitrophenyl)-propanoate, 28 (0.051 g, 36%).: *H NMR (400 

MHz. CDCI3) 81.32 (t. J=7.2 Hz, 3H, OCH2CH3). 1.85 (s. 3H, Chb), 4.04 (s, 

1H, OH), 4.28 (dq, J=7.2, J=11.0 Hz, 1H, OCHH), 4.34 (dq, J=7.2, J=11.0 Hz, 

1H, OCHH), 7.83 and 8.25 (AA'BB", J=8.8 Hz. 4H, aromatic CH); «c NMR 

(400 MHz, CDCI3) 5 14.0. 27.2. 63.1. 75.5. 123.4, 126.6, 129.4, 149.8. 174.6; 

IR (neat) 3490.2984.1735,1606,1523.1349. 1256.856, 703 cm*i. 

Ethyl 3-azido-2-oxo-4-phenylbutanoate, 30b. Ethyl 3-[(p-nitro- 

benzenesulfonyl)oxy]-2-oxo-4-phenylbutanoate, 15b, (0.39 g. 0.96 mmol) was 

dried by toluene reflux. After evaporation, 15b was dissolved in dry acetone 

(30 m(_), and sodium azide (0.124 g. 1.91 mmol) was added. The reaction 

was stirred for 7h at 0 °C. Water (50 mL) was added, and the aqueous layer 

was washed with ethyl acetate (3 x 50 mL). The combined organic layers 

were dried over MgS04 and evaporated to give a dark yellow oil (0.183 g, 77 

%). Due to the instability of the product, no further purification was 

attempted.: 1H NMR (400 MHz. CDCI3) 5 1.37 (t, J=7.2 Hz, 3H, CH3), 2.96 

(dd. J=8.8. J=13.8 Hz. 1H. Ph-CHH). 3.23 (dd. J= 5.2. J=13.8 Hz, 1H. Ph- 

CHH), 4.33 (q, J=7.2 Hz. 2H, CH2), 4.76 (dd. J=5.2, J=8.8 Hz. 1H. CÜON3), 

7.25-7.34 (m. 5H. aromatic CH); "C NMR (400 MHz. CDCI3) 5 13.9.36.3. 

63.2. 65.5. 127.4, 128.9, 129.3. 135.4. 160.4.189.8; IR (neat) 2961.2925. 

2119, 1732. 1605.1455.1260. 1068.1015. 700cm-1. 

190 



Ethyl 3-azido-2-hydroxy-4-phenylbutanoate, 31b. Sodium 

borohydride (0.093 g, 2.5 mmol) was slowly added to a cooled (-78 °C) 

solution of tetrahydrofuran:methanol (20 mL 0.5 mL). Ethyl 3-azido-2-oxo-4- 

phenylbutanoate, 30b, (0.21g, 0.85 mmol) in tetrahydrofuran (25 mL) was 

added, and the mixture was allowed to stir at -78 °C for 30 minutes. Water 

(50 mL) was added and the pH was adjusted to neutral. The aqueous layer 

was extracted with ethyl acetate (3 x 50 mL), and the combined organic layers 

were dried over MgS04 and evaporated to give an opaque, yellow oil (0.19 g, 

90%). The crude was dissolved in methylene chloride, leaving an insoluble, 

white solid. The filtrate was evaporated to give (0.17 g, 81%) of a yellow oil.: 

1H NMR (200 MHz, CDCI3) 8 1.28 (t, J=7.2 Hz, 3H. CH3), 3.12 (d, J=7.8 Hz, 

2H, Ph-Cfch), 3.72-3.79 (m, 1H, CHN3). 4.11 (d. J=2.0 Hz, 1H. CtLOH). 4.25 

(dq, J=3.6, J=7.2 Hz, 1H, OCHH), 4.29 (dq, J=3.6. J=7.2 Hz, 1H, OCHH), 

7.24-7.39 (m, 5H, aromatic CH); 13C NMR (200 MHz, CDCI3) 8 13.1. 35.2. 

61.4, 63.3. 70.5, 126.0, 127.8, 128.4, 135.7, 171.7; IR (neat) 3446, 3236, 

3030, 2982, 2933, 2112, 1739.1604, 1496. 1455. 1259, 1115, 1023, 700 

cm*1. 

syn-Ethyl3-[(j>nitrobenzenesulfonyl)]oxy]-2-carboethoxy-4- 

phenylbutanoate, 33b. syn-Ethyl 3-[(p-nitrobenzenesulfonyl)oxy]-2-hydroxy- 

4-phenylbutanoate, 18b, (0.17 g. 0.4 mmol) was dissolved in methylene 

chloride (25 mL), and ethyl chloroformate (1.0 mL, 1.14 g, 10.5 mmol), 

pyridine (0.06 mL, 0.59 g, 0.7 mmol), and DMAP (0.02 g. 0.2 mmol) were 

added. The reaction was allowed to stir for 24 h at room temperature. The 

organic layer was washed with water (3 x 25 mL), and the aqueous layer was 
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washed with methylene chloride (25 mL). The combined organic layers were 

dried over MgS04 and evaporated to yield a yellow oil (0.18 g, 90%). 

Recrystallization from ethyl acetate/hexane afforded a white solid (0.10 g, 

50%).: 1H NMR (400 MHz, CDCI3) 8 1.28 (t, J=7.2 Hz, 3H, OCH2CÜ3). 1.36 

(t. J=7.2 Hz, 3H, OCH2CH3), 3.11 (d, J=7.4 Hz. 2H. PhCtfc). 4.17 (q, J=7.2 

Hz, 2H, OCH2). 4-27 (q, J=7.2 Hz, 2H, OCH2), 4.99 (d, J=2.6 Hz, 1H, 

CH_OC02Et), 5.40 (dt, J=2.6, J=7.4, 1, CHONs 7.09-7.11 (m, 2H. aromatic 

CH), 7.23-7.24 (m, 3H, aromatic CH), 7.85 and 8.24 (AA'BB', J=8.8 Hz, 4H, 

aromatic CH); 1H NMR (400 MHz, acetone-d6) 8 1.25 (t. J=7.2 Hz, 3H, 

OCH2CH3). 1.31 (t, J=7.2 Hz, 3H, OCH2CÜ3). 3.07 (dd, J=7.8, J=14.0 Hz. 

1H, PhCHH), 3.16 (dd, J=6.8, J=14.0 Hz, 1H, PhCHH), 4.12 (dq, J=7.2, 

J-11.0 Hz, 1H. OCÜH). 4.16 (dq. J=7.2, J=11.0 Hz, 1H, OCMH), 4.24 (q, 

J=7.2 Hz, 2H, OCÜ2), 5.04 (d. J=2.6 Hz. 1H, CHOC02Et), 5.45 (ddd, J=2.6, 

J=6.8, J=7.8 Hz, 1H, CHONs). 7.14-7.22 (m, 5H. aromatic CH), 7.96 and 8.36 

(AA'BB'. J=8.8 Hz. 4H. aromatic CH); 13Q NMR (400 MHz, CDCI3) S 13.9. 

14.2, 37.4, 62.5, 65.2. 74.3, 81.6, 124.2, 127.5,128.96, 128.98. 129.4, 134.4, 

142.0, 150.5. 154.0. 166.4; 13C NMR (400 MHz, acetone-d6) 814.2.14.4, 

37.9, 62.8, 65.6, 75.4, 83.1.125.4.128.0, 129.6. 129.9. 130.3. 135.8. 142.7, 

151.7.154.8, 167.0; IR (neat) 3109. 2985. 1754. 1608. 1534,1375. 1351, 

1312, 1255, 1187, 1096.1026. 902. 745 cm*1. 

Ethyl 3-azido-2-carboethoxy-4-phenylbutanoate, 34b-SRP. Ethyl 

chloroformate (0.33 mL, 0.37 g, 3.5 mmol) and pyridine (0.075 mL, 0.073 g, 

0.93 mmol). and DMAP (0.013 g, 0.11 mmol) were stirred in methylene 

chloride (15 mL) at 0 °C for 15 minutes. Ethyl 3-azido-2-hydroxy-4- 
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phenylbutanoate, 31b, (0.17 g, 0.68 mmol) in methylene chloride (15 mL) was 

added, and the reaction was allowed to stir for 5 h at room temperature. The 

reaction was washed with water (2 x 30 mL), dried over MgS04, and passed 

over a small pad of silica gel. After evaporation, a yellow oil (0.17 g, 78 %) 

was collected. The crude was purified on preparative tic using ethyl acetate: 

hexane: (2:3). A yellow oil (0.15 g, 68 %), that consists of two sets of 

diastereomers, syn and anti (76:24), was collected. Syn -34b-SRP: 1H NMR 

(400 MHz, CDCI3) 81.28 (t, J=7.2 Hz, 3H, OCH2CH3), 3.01 (dd, J=7.4. 

J=13.4 Hz, 1H, Ph-CHH), 3.08 (dd, J=8.0, J=13.4 Hz, 1H, Ph-CHH), 4.02 (dt, 

J=2.8, J=7.4 Hz, 1H, CHON3), 4.16-4.31 (m. 2H, OCH2), 4.89 (d, J=2.8 Hz, 

1H, CHOC02Et), 7.21-7.35 (m, 5H, aromatic CH); "C NMR (400 MHz. 

CDCI3) 5 14.1, 14.2, 36.4, 62.2. 62.6, 65.0, 75.5.127.4, 129.0,129.1, 135.9, 

154.3, 167.5; IR (neat) 2964, 2931, 2856.2115. 1751,1604, 1456, 1374. 

1256, 1095, 1024, 736, 701 cm*1. 

A/?tf-34b-SRP: ^H NMR (400 MHz. CDCI3) 81.37 (t. J=7.2 Hz, 3H. 

OCH2CH3), 2.99 (d. J=7.4 Hz, 2H, Ph-Cfcy. 4.02 (dt. J=2.8. J=7.4 Hz, 1H, 

CHON3), 4.16-4.31 (m, 2H, OCH2), 5.10 (d, J=3.2 Hz. 1H, CHOC02Et). 7.21- 

7.35 (m, 5H, aromatic CH); "C NMR (400 MHz, CDCI3) S 14.1, 14.2, 36.0, 

62.1, 63.2. 65.0, 76.4.127.1, 128.7.129.3. 136.3, 154.1, 166.9. 

4nf/-Ethyl 3-azldo-2-carboethoxy-4-phenyl butyrate, anfA34b-RPS. 

syn-Ethyl3-[(p-nitrobenzenesulfonyl)]oxy]-2-carboethoxy-4-phenylbutanoate. 

syn-33b, (0.32 g, 0.66 mmol) was dissolved in dimethylsulfoxide (25 mL). and 

sodium azide (0.11 g, 1.7 mmol) was added. The reaction was refluxed at 60 

°C overnight Methylene chloride (50 mL) was added, and the organic layer 
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was washed with water (3 x 30 ml_), and the combined aqueous layers were 

washed with methylene chloride (30 mL). The combined organic layers were 

dried over MgSCXt and evaporated to yield a yellow oil (>100%). A mixture 

composed of antf-34b-RPS (47 %), the eliminated product, 35 (41 %), and 

the enol derivative, 36 (12 %) was determined by 'H NMR. The yellow oil 

was separated using radial chromatography. A stepped, non-polar to polar, 

solvent system (ethyl acetate: hexane, 2:3 —> ethyl acetate) afforded a 

yellow oil (0.15 g). Although the products are easily discernible by 1H NMR, a 

good separation of the three products was not achieved. Total yields of 

individual compounds in the purified mixture were antf-34b-RPS (29 %), 35 

(36 %), 36 (12 %). Since the three compounds were never completely 

separated, only the partial assignment of the spectral data could be done. 

anfA34b-RPS: 1H NMR (400 MHz, CDCI3) 5 3.00 (d, J=7.4 Hz, 2H, PhCfcU). 

4.04 (dt, J=3.2, 7.4 Hz, 1H, CHN3). 5.10 (d, J=3.2 Hz. 1H. CEOC02Et); 13C 

NMR (400 MHz, CDCI3) 5 36.0. 62.2, 63.2, 65.0. 76.4; IR for mixture: (neat) 

2984, 2120, 1751, 1373.1026 cm*1; C15H19N3O5. IR (neat) 2984, 2120, 

1751, 1373. 1026 cm-1. 

Ethyl 2-carboethoxy-3-ene-4-phenyl butyrate, 35: 1H NMR (400 

MHz. CDCI3) 8 5.53 (d, J=6.8 Hz. 1H. CfcLOC02Et), 6.26 (dd, J=6.8, J=16.0 

Hz. 1H. PhHC=CH). 6.85 (d. J=16.0 Hz. 1H, PhHC=CH). 
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Ethyl 2-carboethoxy-2-ene-4-phenyl butyrate, 36: iH NMR (400 

MHz, CDCI3) 8 3.56 (d, J=7.6 Hz, 2H, PhCHa). 6.67 (t, J=7.6 Hz, 1H, 

PhCH2CH). 

Methyl 3-[(p-nltrobenzenesulfonyl)oxy]-2-acetamido acrylate, 38. 

Methyl 2-acetamido acrylate. 37, (0.146 g. 1.0 mmol) was added to a solution 

of p-NPSP (0.404 g. 1.00 mmol) in ethyl acetate (50 mL). and the solution 

was cooled to O °C. The mixture was allowed to stir for 4h at O °C. After 4h, 

the reaction mixture was washed with sodium bicarbonate (1 x 25 mL), with 

brine (1 x 25 mL), dried over MgS04, and evaporated to about 10 mL 

Hexane was added until cloudy, and the solution was evaporated to dryness 

to afford a white solid. The crude solid was recrystallized from ethyl 

acetate/hexane, and a white solid (0.037 g. 11 %) was obtained.: m.p. 149- 

151°; 1H NMR (400 MHz. CDCI3) 8 2.07 (s, 3H, CH3). 3.80 (s, 3H, OCH3), 

6.70 (brs, 1H, NH), 7.59 (s, 1H, CHJ. 8.23 and 8.45 (AA'BB', J=8.8 Hz, 4H. 

aromatic CH); ™C NMR (400 MHz. CDCI3) 8 23.2. 52.9,115.0, 124.6, 129.8, 

138.0, 140.6, 151.3,163.7, 167.4; IR (KBr) 3437. 3257. 3108. 1732, 1676, 

1537, 1507, 1390, 1189.1082, 819, 708 cm-1. 

4-Carboethoxy-5-benzyl-2-[3H] oxazolone, 40. Ethyl 3-[(/>nitroben- 

zenesulfonyl)oxy]-2-oxo-4-phenylbutanoate, 15b, (0.31 g, 0.76 mmol) was 

dried by toluene (75 mL) reflux. Methyl carbamate (0.73 g, 9.7 mmol) and p- 

toluenesulfontc acid monohydrate (0.013g, 0.07 mmol) were added, and the 

reaction mixture was allowed to reflux for 48 h. The reaction mixture was 

allowed to cool to RT. and ethyl acetate (50 mL) was added. The organic 

195 



phase was washed with water (2 x 30 mL), with brine (1 x 30 mL), dried over 

MgS04 and evaporated to yield a dark orange oil. Purification by radial 

chromatography (ethyl acetate: hexane, 1:4) was done. The first fraction was 

methyl 4-nitrobenzene sulfonate, 39, (0.14 g, 67 %) as confirmed by a pure 

sample obtained from Aldrich. A white solid (0.11 g, 58 %) was also 

obtained.: m.p. 141-142°; 1H NMR (400 MHz, CDCI3) 5 1.38 (t, J=7.2 Hz, 3H, 

CHg), 4.11 (s, 2H, PhCtbj). 4.37 (q. J=7.2 Hz, 2H. OCH2), 7.25-7.34 (m, 5H, 

aromatic CH), 8.32 (brs, 1H, NH); 1H NMR (400 MHz, acetone-d6) 5 1.35 (t, 

J=7.2 Hz, 3H, CH3), 4.16 (s, 2H, PhCH2), 4.36 (q, J=7.2 Hz, 2H, OCH2), 7.25- 

7.34 (m, 5H, aromatic CH), 9.95 (br s, 1H. NH); 13C NMR (400 MHz, CDCI3) 8 

14.2. 32.0, 61.8, 114.3, 127.3.128.82. 128.84.135.3.148.1.153.4, 158.8; 

13C NMR (400 MHz, acetone-d6) 5 14.4, 32.3, 62.0, 115.6.127.9.129.5, 

129.6, 137.2, 148.3.153.9. 159.7; IR (KBr) 3440, 1762,1718, 1670. 1314. 

1172,1053. 958, 795. 705 cm-1; Analysis calc'd forC13H13N04: C. 63.15; H, 

5.30; N. 5.66; found: C, 62.91; H, 5.12; N, 5.31. 

2-Methyl-4-carboethoxy-5-benzyl oxazole, 42. Ethyl 3-{(p-nitroben- 

zenesulfonyl)oxy]-2-oxo-4-phenylbutanoate, 15b, (0.35 g, 0.86 mmol) was 

dried by toluene (75 mL) reflux. Acetamide (0.10 g. 1.7 mmol) and p-toluene- 

sulfonic acid (0.013g, 0.07 mmol) were added, and the reaction mixture was 

allowed to reflux for 4 h. The reaction mixture was allowed to cool to RT, and 

ethyl acetate (50 mL) was added. The organic phase was washed with water 

(2 x 40 mL), with brine (1 x 40 mL), dried over MgSC>4 and evaporated to yield 

a dark orange oil. Separation by radial chromatography (ethyl acetate: 

hexane, 1:4) afforded a clear oil (0.17 g. 80%).: 1H NMR (400 MHz, CDCI3) 8 
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1.40 (t, J=7.2 Hz, 3H, CHa), 2.42 (s. 3H, CH3), 4.34 (s, 2H, PhCik). 4.40 (q, 

J=7.2 Hz, 2H, OCfcb), 7.22-7.30 (m, 5H, aromatic CH); "C NMR (400 MHz, 

CDCI3) S 13.8, 14.4, 32.0, 61.0. 127.0, 127.5, 128.7, 128.8. 136.4, 157.5. 

160.2, 162.3; IR (neat) 3030. 2981, 2930, 1735, 1707, 1617, 1608. 1495, 

1455, 1375, 1346, 1216, 1177,1078, 854, 731. 703 crrr1; Analysis calc'd for 

C14H15NO3: C. 68.56; H, 6.16; N, 5.71; found: C, 68.33; H. 5.97; N, 5.57. 

2-Methy!-2-hydroxy-4-carboethoxy-5-benzyl-3-oxazoline, 46. Ethyl 

3-[(p-nitrobenzenesulfonyl)oxyI-2-oxo-4-phenylbutanoate, 15b, (0.34 g, 0.84 

mmol) was dried by toluene (75 mL) reflux. Acetamide (0.06 g, 1.1 mmol) 

and p-toluenesulfonic acid (0.008 g, 0.04 mmol) were added, and the reaction 

mixture was heated at 85 C for 4 h. The reaction mixture was allowed to cool 

to RT, and ethyl acetate (50 mL) was added. The organic phase was washed 

with water (2 x 40 mL), with brine (1 x 40 mL), dried over MgSCM and evapor- 

ated to yield an orange oil (0.25 g). Separation by radial chromatography 

(ethyl acetate: hexane, 1:4) afforded a clear oil (0.14 g, 64%).: 1H NMR (400 

MHz, CDCI3) S1.34 (t, J=7.2 Hz. 3H, CH3.). 2.07 (s, 3H, CH3), 3.05 (dd, J=8.8, 

14.2 Hz, 1H. PhCHH), 3.23 (dd, J=4r4,14.2 Hz, 1H, PhCHH). 4.30 (q. J=7.2 

Hz, 2H, OCH2), 5.78 (dd, J=4.4, 8.8 Hz. 1H. PhCH2CHO), 7.23-7.33 (m, 5H, 

aromatic CH); 13C NMR (400 MHz, CDCI3) S 13.9, 20.3, 36.3. 62.8, 76.2, 

127.3. 128.7,129.4, 135.4. 159.7,170.3, 189.8; IR (neat) 3473, 3030, 2984, 

2940, 1766. 1733, 1372, 1234,1053. 1031, 701 cm'1. 

2-Methyl-4-carboethoxy-4-hydroxy-5-benzyl-2-oxazoline, 47.: 1H 

NMR (400 MHz, CDCI3) 5 1.24 (t. J=7.2 Hz, 3H. CH3). 2.08 (s, 3H. Chb). 3.06 
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(dd, J=8.2,14.6 Hz, 1H, PhCHH), 3.11 (dd, J=5.6, 14.6 Hz, 1H. PhCfciH), 

4.18-4.26 (m, 2H, OCH2). 4.95 (dd, J=5.6, 8.2 Hz, 1H, CHO), 7.21-7.34 (m, 

5H, aromatic CH); 13C NMR (400 MHz, CDCb) 514.0, 14.5, 34.4, 63.0. 85.4, 

95.7, 126.7, 128.5, 129.2. 137.3. 170.2, 171.6; IR (neat) 3471, 3192, 2980, 

2934, 1735, 1654, 1497, 1455, 1390, 1371, 1254, 1196, 1065, 1029, 739, 700 

cm-1. 

2-methyl-2-hydroxy-4-carboethoxy-5-benzyloxazolidine, 51. Crude 

2-methyl-2-hydroxy-4-carboethoxy-5-benzyl-3-oxazoline, 46, (0.228 g, 0.86 

mmol) was dissolved in tetrahydrofuran (40 mL), and sodium triacetoxyboro- 

hydride (0.21 g, 0.10 mmol) was added. The reaction was allowed to stir at 

RT for 24 h. Ethyl acetate (50 mL) was added, and the organic layer was 

washed with water (2 x 40 mL). The combined aqueous layers were washed 

with ethyl acetate (40 mL), and the combined organic phases were washed 

with brine (1 x 40 mL), dried over MgS04. passed over a pad of silica gel, and 

evaporated to afford an orange oil (0.28 g). The crude mixture consisted of 

two sets of diastereomers in an approximately 2:3 ratio. The crude was 

purified by radial chromatography (ethyl acetaterhexane, 1:4 -> 3:2) and then 

by preparative thin layer chromatography (ethyl acetate:hexane, 1:4). Two 

fractions (0.16 g, 70 %) in a 71:29 ratio were collected. The major compound 

ran faster. Major: 1H NMR (400 MHz. CDCI3) 5 1.23 (t, J=7.2 Hz, 3H, CHg). 

1.99 (s. 3H, Cfcb). 3.03 (dd, J=6.8. 13.0 Hz, 1H. PhCtiH). 3.07 (dd. J=8.2, 

12.8 Hz. 1H, PhCfciH), 4.09 (d. J=6.0. CHN). 4.17 (dq, J=3.2.7.2 Hz, 1H, 

OCfcLH), 4.20 (dq. J=3.2, 7.2 Hz, 1H. OCHH), 5.34 (m. 1H, CH.OH), 7.19-7.32 

(m. 5H. aromatic CH); "C NMR (400 MHz. CDCI3) S 14.1, 20.8, 36.5. 62.1, 
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70.2, 75.2, 84.2, 126.9, 128.6,129.7,136.4, 172.7; IR (neat) 3483, 3029, 

2983, 2926, 1739, 1604, 1535, 1496, 1455, 1373, 1235, 1114, 1030, 940, 

748, 701 cm-1; Ci4HigN04- Minor: 1H NMR (400 MHz, CDCI3) 5 1.27 (t, 

J=7.2 Hz, 3H, Ctb), 2.03 (s, 3H, CH3), 2.94 (dd, J=6.6,13.8 Hz, 1H, PhCfclH), 

3.01 (dd. J=7.6, 13.8 Hz, 1H. PhCHH), 3.21 (d. J=5.2, CHM). 4.08 (dq, J=7.2, 

10.6 Hz, 1H. OCHH), 4.17 (dq, J=7.2,10.6 Hz, 1H, OCHH), 4.31 (m. CHN), 

5.36 (dt, J=3.2, 7.0 Hz, 1H, CHOH), 7.22-7.30 (m, 5H, aromatic CH); "C 

NMR (400 MHz, CDCI3) 8 14.1, 21.0. 35.5, 62.3, 71.2, 75.8, 84.2, 126.8. 

128.4, 129.6, 136.4,170.5; IR (neat) 3486, 3030, 2982, 2928, 1742, 1605, 

1534, 1497, 1455, 1373, 1236, 1132, 1096, 1061, 1030, 947. 748. 701 cm"1. 

Ethyl 2-acetamido-3-oxo-4-phenylbutanoate, 53. 2-methyl-4- 

carboethoxy-5-benzyl oxazole, 42, (0.08g. 0.33 mmol) was dissolved in 

absolute ethanol (3 mL) and concentrated hydrochloric acid (3 drops) was 

added. The reaction mixture was allowed to stir at 60-65 °C for 8 h. The 

reaction mixture was cooled, and water (25 mL) was added. The aqueous 

layer was washed with ethyl acetate (3 x 25 mL), and the combined organic 

layers were washed with brine (1 x 10 mL), dried over MgS04 and evaporated 

to yield an orange oil (0.09 g). Approximately a 50% conversion had been 

achieved. The crude was dissolved in ethyl acetate and passed over a small 

pad of silica gel. The filtrate was evaporated, and the resulting slushy solid 

was recrystallized from ethyl acetate/hexane to afford white crystals (0.03 g, 

68%-corrected for 50% conversion).: 1H NMR (400 MHz. CDCI3) 8 1.30 (t, 

J=7.2 Hz, 3H. CÜ3), 2.05 (s. 3H. CH3). 4.00 (d. J=16.2 Hz, 1H. PhCHH). 4.05 

(d. J=16.2 Hz, 1H, PhCHH), 4.24 (q, J=7.2 Hz, 2H, OCH2). 5.35 (d, J=6.8 Hz, 
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1H, CHN). 6.66 (d. J=5.6 Hz, 1H, NHJ. 7.21-7.23 (m, 2H. aromatic CH). 7.28- 

7.35 (m, 3H, aromatic CH); I3Q NMR (400 MHz, CDCI3) 5 14.0, 22.7, 47.6, 

62.0, 62.8, 127.5, 128.8, 129.7, 132.5, 166.1, 169.8,198.9; IR (neat) 3323, 

2994, 1750, 1723, 1658, 1529, 1498. 1376, 1348, 1216, 1169. 1049,1020, 

715 cm-1. 

Ethyl 2-acetamido-3-hydroxy-4-phenylbutanoate, 56. Sodium 

borohydride (0.011 g, 0.3 mmol) was added to a solution of tetrahydrofuran 

(10 mL) and methanol (0.05 mL) at -78 °C. The mixture was allowed to stir 

for 5 minutes. Ethyl 2-acetamido-3-oxo-4-phenylbutanoate, 53 (0.02 g, 0.08 

mmol) in tetrahydrofuran (5 mL) was added, and the reaction mixture was 

allowed to stir for 30 minutes at -78 °C. The reaction was allowed to warm-up 

to RT, and water (25 mL) was added. The pH of the solution was adjusted to 

5-6 with dropwise addition of hydrochloric acid (1 M). The aqueous solution 

was washed with ethyl acetate (3 x25 mL), and the combined organic layers 

were washed with brine (1 x 25 mL). dried over MgS04, passed over a pad of 

silica gel. and evaporated to give a clear oil (0.02 g). Major fraction: 1H 

NMR (400 MHz, CDCI3) 8 1.29 (t, J=7.2 Hz, 3H, CI±j). 2.07 (s. 3H. Ctb). 2.81 

(dd, J=5.6. 14.0 Hz. 1H, PhCHH). 2.85 (dd, J=7.6, 14.0 Hz, 1H, PhCH_H). 4.13 

(dq, J=7.2. 10.8 Hz, 1H, OCHH). 4.09-4.28 (m, 2H, OCfciH and CJdOH). 4.71 

(dd. J=2.8, 6.8 Hz, 1H. CHN), 6.51 (d. J=6.0 Hz. 1H, NH). 7.20-7.35 (m. 5H, 

aromatic CH); "C NMR (400 MHz, CDCI3) 8 14.1,23.1, 39.9, 57.7, 62.0, 

74.2.126.8, 128.6, 129.4, 137.4, 169.9.171.2; IR (neat) 3352, 3026, 2926, 

2855, 1738, 1652, 1538, 1455.1375,1262, 1205,1084, 1029. 701 cm"1; 

Ci4HigN04- Minor fraction: 1H NMR (400 MHz. CDCI3) 8 1.27 (t, J=7.2Hz. 
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3H. Cüa). 2-12 (s, 3H, CH3), 2.72 (dd. J=9.4. 13.8 Hz, 1H. PhCHH), 2.88 (dd, 

J=4.4, 13.8 Hz. 1H, PhCHH), 4.09-4.28 (m, 2H. OCH2), 4.36 (ddd, J=2.0, 4.4. 

4.6 Hz. 1H. CH.N), 4.74 (dd, J=1.6, 9.0 Hz. 1H, CHOH), 6.34 (d. J=9.0 Hz. 1H, 

NH). 7.20-7.35 (m, 5H, aromatic CH); 13Q NMR (400 MHz. CDCI3) 5 14.1, 

23.2, 40.4, 55.7, 61.8, 72.8, 127.0, 128.8, 129.4. 137.2, 170.7, 171.0. 
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